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This  r e p o r t  d i s cu s s e s  t h e o r e t i c a l  a s p e c t s  of f  l u i d - s t r u c t u r e  
i n t e r a c t i o n  f o r c e s  on s imple  e lements  which a r e  r e p r e s e n t a t i v e  of members 
used i n  o f f s ho r e  s t r u c t u r e s .  These f o r c e s  a r e  t hose  which may be computed 
from i d e a l ,  i . e . ,  i n v i s c i d  f l u i d  t heo ry .  O r i g i n a l l y ,  t he  purpose of t h e  
a n a l y s i s  was t o  assist i n  t h e  development of fundamental  l a bo r a t o r y  
exper iments  a s  w e l l  a s  t h e  i n t e r p r e t a t i o n  of  expe r imen ta l  r e s u l t s .  The 
problem under  c on s i d e r a t i on  was t h e  de t e rmina t i on  of  t h e  dynamic r e sponse  
of s imple ,  s t r u c t u r a l  systems t o  wa t e r  wave e x c i t a t i o n .  The r e l a t e d  
problem of response t o  ea r thquake  e x c i t a t i o n  was subsequent ly  i n co r po r a t e d  
i n t o  t h e  a n a l y s i s .  Some of t h e  r e s u l t s  are of more g ene r a l  i n t e r e s t  t han  
t h e  o r i g i n a l  i n t e n t ,  f o r  example t hose  c on s i d e r i ng  t h e  r a d i a t i o n  damping 
a s s o c i a t e d  w i th  t h e  response  of o f f s ho r e  s t r u c t u r e s  t o  ear thquakes .  
Furthermore,  t h e  g ene r a l  s o l u t i o n s  a r e  u s e f u l  i n  o t h e r  problems invo lv ing  
f l u i d - s t r u c t u r e  i n t e r a c t i o n .  Accordingly,  t h e  r e s u l t s  of t h e  s t udy  a r e  
summarized i n  t h i s  r e p o r t .  
The s t r u c t u r e s  which mo t iva t ed  t h e  s t udy  are t h o s e  used i n  the 
development of o f f s h o r e  o i l  and gas  r e s ou r c e s .  There a r e  a v a r i e t y  of  
s t r u c t u r e s  used f o r  t h i s  purpose i n c l ud i ng  t h e  templa te  and g r av i t y  t yp e s ,  
and a common element i n  t h e s e  s t r u c t u r e s  i s  one c on s t r u c t ed  a s  a c y l i n d r i c a l  
c y l i nd e r .  Thus t h e  s t udy  of s imple  c y l i n d r i c a l  members cons idered  h e r e  
i s  o f  va lue  t o  t h e  des ign  of t h e s e  s t r u c t u r e s .  
The n a t u r e  of t h e  response  problem may be  i l l u s t r a t e d  by 
c o n s i d e r i n g  t h e  response of a s i n g l e  degree-of-freedom(SDF) system 
s u b j e c t e d  t o  wa te r  waves. Consider t h e  sys tem shown i n  F i g s  1-1, A r i g i d ,  
c y l i n d r i c a l  rod  of  l e n g t h  L i s  a t t a c h e d  t o  t h e  base  by a  moment-res is t ing 
s p r i n g .  The rod  i s  immersed i n  w a t e r  w i th  a  depth d. The l o n g i t u d i n a l  
a x i s  o f  t h e  rod  i s  i n  t h e  v e r t i c a l  d i r e c t i o n .  
Under t h e  a c t i o n  of wa t e r  waves t h e  system w i l l  respond dynamical ly  
because  of  t h e  f l u i d - s t r u c t u r e  i n t e r a c t i o n  f o r c e s .  These f o r c e s  c o n s i s t  
o f  t h r e e  components accord ing  t o  i d e a l  f l u i d  theory .  One f o r c e  component 
depends on ly  on t h e  c h a r a c t e r i s t i c s  of  t h e  w a t e r  wave and t he  geometry 
of  t h e  s o l i d  member. The second and t h i r d  components a r e  f u n c t i o n s  of  
t h e  a n g u l a r  v e l o c i t y  and a c c e l e r a t i o n  of t h e  rod  r e s p e c t i v e l y .  These 
l a t t e r  components a l s o  depend on t h e  geometry of  t he  s o l i d  member. 
S ince  t h e  f i r s t  component i s  independent  of t h e  rod motion,  i t  may b e  
viewed a s  t h e  wave f o r c e  which would a c t  on a s t a t i c  s t r u c t u r e ,  i . e . ,  a 
s t r u c t u r e  a t  r e s t ;  t h e  component dependent upon t h e  a c c e l e r a t i o n  of t h e  rod  
i s  a s s o c i a t e d  w i t h  t h e  so  c a l l e d  "added mass" concept ;  and t h a t  dependent 
t h e  v e l o c i t y  t h e  rod  i s  a s s o c i a t e d  w i t h  t h e  " r a d i a t i o n  damping" 
concept .  The e s s e n t i a l  in format ion  p e r t a i n i n g  t o  f l u i d - s t r u c t u r e  i n t e r -
a c t i o n  f o r c e s  i n  t h i s  problem may - be ob t a ined  by s o l v i n g  two s e p a r a t e  
problems,  v i z :  
(1) THE STATIC PROBLEM - The computation of  t h e  f o r c e s  produced 
by an i n c i d e n t  s u r f a c e  wave on a r i g i d  s t r u c t u r e  wave 
which responds s t a t i c a l l y  t o  t h e  e x c i t a t i o n .  
(2)  	 TKE DY'LgAMLC PROBLEM - The computation of t h e  f o r c e s  
produced by motion of t h e  s t r u c t u r e  through t h e  wate r  
when no o t h e r  e x c i t a t i o n  a c t s  on it .  
I f  one wished t o  have t he  complete " so lu t i on"  f o r  motion of  t h e  rod when 
e x c i t e d  by s u r f a c e  waves, i t  could b e  developed by a combination of t h e  
two problems no t ed  above. However, t h e  s o l u t i o n  of t h e s e  problems may 
be i n t e r p r e t e d  i n  t h e  form of a f l u i d  i n e r t i a  f o r c e  c o e f f i c i e n t ,  added 
mass c o e f f i c i e n t  , and r a d i a t i o n  damping c o e f f i c i e n t  . These c o e f f i c i e n t s  
are t h e  pr imary r e s u l t s  p r e sen t ed  i n  t h i s  r e p o r t .  
S ince  t h e  second problem no t ed  above p e r t a i n s  t o  t h e  motion of 
t h e  s t r u c t u r e  when t h e  l i q u i d  is  o the rwi se  a t  r e s t ,  i t  i s  appa ren t  t h a t  
i n fo rma t ion  p e r t a i n i n g  t o  f l u i d - s t  r u c t u r e  i n t e r a c t i o n  f o r c e s  a s s o c i a t e d  
w i t h  h o r i z o n t a l  ea r thquake  motion may be  determined w i t h  on ly  s l i g h t  
changes i n  t h e  a n a l y s i s .  Accordingly,  s t r u c t u r a l  r e sponse  t o  bo th  su r -
f a c e  waves and h o r i z o n t a l  ea r thquake  motion i s  cons idered  i n  t h i s  r e p o r t .  
I n  t h e  case  of response  t o  wa te r  waves, t h e  a pp rop r i a t e  motion of t h e  
s t r u c t u r e  t o  b e  used ,  of course ,  i s  t h a t  a s s o c i a t e d  w i t h  immovable seabed.  
I n  t h e  ca se  of  h o r i z o n t a l  ea r thquake  motion,  t he  motion of t h e  seabed i s  
the primary e x c i t a t i o n ,  
1 .2  DECRIPTION OF BASIC PROBLEMS 
The t h r e e  b a s i c  problems desc r ibed  above may b e  formula ted  i n  
a n a l y t i c a l  terms f o r  s imple  s i n g l e  degree-of-freedom systems i n  t h e  
fo l l owing  manner. Let t h e  coo rd ina t e  system be  t h a t  g iven  i n  F ig .  1 . 2  
i n  which t h e  o r i g i n  of  t he  c a r t e s i a n  coo rd ina t e s  (x,y ,z) i s  l o c a t ed  a t  
t h e  seabed.  The mean wa te r  depth i s  d. The c y l i n d r i c a l  coo rd ina t e s  
(0  , r , z) a r e  a s  shown i n  t h e  f i g u r e .  According t o  i d e a l  f l u i d  t heo ry ,  
t h e  a n a l y t i c a l  problem a t  hand i s  t o  f i n d  t h e  p o t e n t i a l  f un c t i on ,  a ,  
such  t h a t  Lap l ace ' s  equa t i on  i s  s a t i s f i e d ,  v i z :  i n  c a r t e s i a n  coo rd ina t e s  
o r  i n  cy l i nd r i c a l  c oo rd i n a t e s ,  
which a r e  of more i n t e r e s t  i n  t h e  p r e s en t  work. Then t h e  f l u i d ,  p a r t i c l e  
velocities i n  t h e  r a d i a l ,  t a n g e n t i a l ,  and v e r t i c a l  d i r e c t i o n s  are u u
r 9  9; 
u : r e spec t i ve ly;. and they a r e  computed a s  fo l lows . 
z 
A t  the  seabe.d (i..e . , z=0) t he  boundary cond i t i on  t o  be  s a t i s f i e d  i s  
and. the boundary cond i t i ons  a t  t h e  f r e e  wate r  s u r f a c e  ( i , e . ,  z=d) are 
1

acco rd ing  t o  Lamb (1) where t i s  t ime.  
(1) Numbers i n  p a r en t h e s i s  r e f e r  t o  e n t r i e s  i n  t h e  Bib l iography .  
The a d d i t i o n a l  boundary c ond i t i on s  t o  be s a t i s f i e d  depend 
upon t h e  s p e c i f i c  problem a t  hand. Let t h e  s i n g l e  degree-of-freedom 
sys tem of  i n t e r e s t  be  a r i g h t  c i r c u l a r  c y l i nd e r  of r a d i u s  R and w i t h  a 
l o n g i t u d i n a l  a x i s  co inc iden t  w i th  t h e  z -ax is .  
In  t h e  S t a t i c  Problem t h e  a d d i t i o n a l  boundary cond i t i ons  a r e  
t h a t  u = o a t  r = R and t h a t  t he  wave motion on t he  f r e e  s u r f a c e  approach 
r 
t h a t  of t h e  i n c i d e n t  wave f i e l d  a t  l a r g e  d i s t a n c e s  from t h e  c y l i nde r .  
The f o r c e  c o e f f i c i e n t s  a s s o c i a t e d  w i th  t h e  Dynamic Problem can 
be developed by examining t h e  r e s u l t s  on an SDF system of an impressed 
harmonic motion of  s p e c i f i e d  f requency.  I n  t h i s  c a se  t h e  a pp rop r i a t e  
boundary cond i t i ons  a r e  t h e  c ompa t i b i l i t y  of  v e l o c i t y  a t  t h e  boundary of 
t h e  wa te r  and s o l i d  s t r u c t u r e ,  and t h e  f a c t  t h a t  t h e  wa t e r  motion produced 
by t h e  motion of t h e  s o l i d  must van i sh  f o r  l a r g e  va lues  of t h e  r a d i a l  
coo rd ina t e .  I n  d e a l i ng  w i th  mu l t i  degree-of-£ reedom (MDF) s y s  tems , t h e  
f o r c e  c o e f f i c i e n t s  a r e  dependent on t he  mode shape a s  w e l l  a s  t h e  e x c i t a t i o n  
f requency ,  wa t e r  dep th ,  s t r u c t u r a l  geometry and g r a v i t y .  
The boundary c ond i t i on s  used i n  t h e  Earthquake Response Problem 
are g im i l a r  t o  t hose  no t ed  f o r  t h e  Dynamic Problem, 
I n  t h e  s t udy  of s u r f a c e  wave phenomena i t  i s  convenient  
f r e quen t l y  t o  use  t h e  concept -o f  r e l a t i v e  wa te r  depth.  The pa rame t r i c  
r e p r e s e n t a t i o n  of t h i s  concept may be  t he  r a t i o  of  wa t e r  depth t o  wave 
l e n g t h ,  d/h;  t h e  p roduc t  of t h e  wave number and wa t e r  dep th ,  kd = 2?id/A; 
2 
o r  t h e  r a t i o  d/gT where g  i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  and T i s  
t h e  wave p e r i od .  The parameter  most used i n  t h i s  r e p o r t  a s  t h e  r e l a t i v e  
2depth  parameter  i s  d/gT . I n  terms of  t h e s e  parameters ,  "shallow" wa te r  
may be i n t e r p r e t e d  as d/A s 1 /20 ,  kd * n/10,  o r  s 0.0025.d / g , ~ ~  " ~ e e p "  
water r e f e r s  t o  d/X -> l / 2 ,  kd 2 ri o r  d / g ~ 22 0.08. Between t h e s e  two 
ex t r emes ,  t h e  t e r m  " i n t e rmed ia t e "  wa te r  depth i s  used f r e quen t l y  . 
1 . 3  S W R Y  OF PREVIOUS STUDIES 
Prev ious  s t u d i e s  of i n t e r e s t  i n  t h e  p r e s en t  a n a l y s i s  may be 
d iv ided  i n t o  s t u d i e s  r e l a t e d  t o  wave f o r c e s  on s t a t i c  systems and f l u i d -
s t r u c t u r e  i n t e r a c t i o n  f o r c e s  a s s o c i a t e d  w i t h  s imple  dynamic systems.  I n  
a l l  c a s e s  t h e  wa te r  i s  t r e a t e d  a s  an i n v i s c i d  f l u i d .  
With r ega rd  t o  t h e  s u b j e c t  o f  wave f o r c e s  on a s t a t i c  system,  
Havelock ( 2 )  s t u d i e d  t h e  hydrodynamic f o r c e s  a c t i n g  on an o b s t a c l e  h e l d  
i n  p o s i t i o n  i n  a t r a i n  o f  p l ane  p e r i o d i c  waves advancing over  t h e  su r -
f a c e  of  t h e  wa te r .  H e  assumed t h a t  t h e  wa t e r  i s  incompress ib le  and t h a t  
t h e  f low i s  i r r o t a t i o n a l .  H i s  work i nc ludes  t h e  wave f o r c e s  a c t i n g  on 
a v e r t i c a l ,  c y l i n d r i c a l  c y l i nd e r .  S ince  Havelcok's primary i n t e r e s t  
was w i t h  wave f o r c e s  on s h i p s ,  h i s  s o l u t i o n s  a r e  l im i t e d  t o  vldeep'v wa te r  
i . e , ,  ~ I / ~ T '> '"0.08. 
McCamy and Fuchs (3) cons idered  t h e  wave f o r c e  a c t i n g  on p i l e s .  
They ex tended  Havelocks s o l u t i o n  t o  i n c l ude  a l l  wa t e r  dep ths .  The i r  
r e s u l t s  a r e  i n  agreement w i th  t hose  g iven  i n  Chapter 3 of t h i s  r e p o r t .  The 
r e s u l t s  g iven  i n  Chapter  3 a r e  i n  a d i f f e r e n t  form wnich may be more 
u s e f u l  f o r  eng inee r ing  a n a l y s i s .  
Spr ing  and Monkmeyer ( 4 )  cons idered  a s im i l a r  problem except  
t h a t  t h ey  cons idered  t h e  wave f o r c e s  a c t i n g  on a s e r i e s  of  equa l l y -  
spaced  v e r t i c a l  c y l i nd e r s  r a t h e r  than a  s i n g l e  c y l i nde r .  The i r  s t udy  
was mot i v i a t e d  by t h e  need t o  a s s e s s  confinement e f f e c t s  i n  t e s t s  con-
duc t ed  i n  wave f  lumes. 
With r e g a r d  t o  the s t udy  of  f l u i d - s t r u c t u r e  i n t e r a c t i o n  f o r c e s  
a c t i n g  on s imple  dynamic sys tems ,  t h e  two-dimensional a n a l y s i s '  i n  
r e c t a n g u l a r  coo rd ina t e s  w a s  developed by B i e s e l  e t  a l .  (5) i n  con junc t ion  
w i t h  t h e  des ign  of  l a bo r a t o r y  wave-generat ing equipment.  They a r e  con-
ce rned  w i th  t h e  waves gene ra t ed  by p e r i o d i c  motion of  a  wave paddle  i n  a 
flume. The i r  approach a l s o  t a k e s  t h e  wa te r  t o  be  an i ncompres s ib l e ,  
i n v i s c i d  f l u i d .  They show c l e a r l y  t h e  e f f e c t  of  mode shape and e x c i t a t i o n  
2f requency i n  t h e  form of t h e  parameter  d / g ~  on t h e  "added mass" f o r c e  
and t h e  veloci ty-dependent  f o r c e o  
Pe t r auskas  ( 6 )  conducted t h e o r e t i c a l  and expe r imen ta l  s t u d i e s  
t o  determine t h e  added mass and r a d i a t i o n  damping of  r i g i d  c y l i nde r s .  
H i s  a n a l y t i c a l  s t u d i e s  a r e  s i m i l a r  t o  t hose  p r e s en t ed  h e r e .  They a r e  based 
on i d e a l  f l u i d  p o t e n t i a l  t heo ry  and l i n e a r  boundary c ond i t i on s  a t  t he  
f r e e  s u r f a c e .  The c i r c u l a r  c y l i n d e r  s t a nd s  i n  wa t e r  of f i n i t e  depth and 
p i e r c e s  t h e  f r e e  water s u r f a c e = Experimental  s t u d i e s  were conducted by 
impa r t i ng  t r a n s l a t i o n a l  motion t o  t h e  c y l i n d e r  i n  water i n i t i a l l y  a t  
r e s t .  The measured added mass agreed  w e l l  w i t h  p r e d i c t i o n s  from i d e a l  
f l u i d  theory .  Tne measured r a d i a t i o n  damping f o r c e s  were on t h e  average 
about  20 p e r c en t  less than  t hose  p r e d i c t e d  by t heo ry .  
He  a l s o  conducted expe r imen ta l  s t u d i e s  on t h e  added mass and 
drag  f o r c e  i n t e r a e t i s n  f o r  c y l i n d e r s  completely  submerged and i n  f r e e  
v i b r a t i o n  i n  t h e  p r e sence  of a s t e ady  current. Cyl inder  motions were sma l l  
w i t h  r e s p e c t  t o  t h e i r  d iameter .  The measured added m a s s  agreed  we l l  w i t h  
p o t e n t i a l  t heo ry  r e s u l t s .  Theo r e t i c a l  and expe r imen ta l  d r ag  f o r c e  i n t e r -  
a c t i o n  r e s u l t s  were somewhat d i f f e r e n t .  
Liaw and Chopra ( 7 )  cons idered  t h e  hydrodynamic p r e s s u r e s  on 
c y l i n d r i c a l  " t ow e r s ' ~ u r r o u n d e d  by wa t e r  and g iven  a  harmonic base  
e x c i t a t i o n ,  The i r  a n a l y s i s  i s  a l s o  d i r e c t e d  toward ear thquake  e f f e c t s  . 
Their a n a l y s i s  d i f f e r s  from t h e  preced ing  ones i n  that they assume t h e  
f l u i d  t o  be compress ib le .  However, c omp r e s s i b i l i t y  e f f e c t s  appear  
i n c o n s e q u e n t i a l  excep t  f o r  very extreme ca se s .  An e a r l i e r  i n v e s t i g a t i o n  
p e r t a i n i n g  t o  ea r thquake  e f f e c t s  on c y l i n d r i c a l  p i e r s  i s  t h a t  of 
Jacobsen (8) .  
1 . 4  SCOPE OF THE'PRESEMT STUDY 
Chapter  2 o u t l i n e s  t h e  g ene r a l  s o l u t i o n  of t h e  f  l u id - s  t r u c t u r e  
i n t e r a c t i o n  c o e f f i c i e n t s  f o r  s imple  s i n g l e  degree-of-freedom systems.  
I t  c o n t a i n s  t h e  d e t a i l s  o f  t h e  mathematical  s o l u t i o n .  S e c t i on  2 . 6  i s  a 
summary of  the  s ~ l u t i o n sand g ives  the complete p o t e n t i a l  f un c t i on s  f o r  
t h e  problems of  i n t e r e s t .  
Chapter 3 d i s cu s s e s  t h e  hydrodynamic f o r c e s  a c t i n g  on a 
. s t a t i c  c y l i n d e r  u s ing  t h e  p o t e n t i a l  f un c t i on s  g iven  i n  Chapter 2 ,  
Chapter  4 p r e s e n t s  t h e  added mass and r a d i a t i o n  damping co-
e f f i c i e n t s  a s s o c i a t e d  w i t h  t h e  response of t h e  SDF system. 
I n  Chapter 5 ,  t h e  t h e o r e t i c a l  s o l u t i o n  g iven  i n  Chapter  2 i s  
adapted  f o r  t h e  case  of response of t h e  SDF systems t o  ea r thquake  
e x c i t a t i o n ,  
l , 5  NOMENCLATURE 
The nomenclature  used i n  t h e  r e p o r t  i s  l i s t e d  h e r e  and de f ined  
aga in  where i t  f i r s t  appears  i n  t he  t e x t .  
Ai = i n c i d e n t  wave ampl i tude  i n  complex form 
A = ampl i tude  of angu la r  motion of the c y l i n d e r  
B = coe f .  i n  Eq. 2 . 21  . 
m3n  
B = s p e c i a l  form of  B and  de f ined  i n  Eq .  2.54 
m m,n 
c = wave speed 
CI = i n e r t i a  f o r c e  c o e f f i c i e n t  
CM = added mass c o e f f i c i e n t  
CR = r a d i a t i o n  damping c o e f f i c i e n t  
C C C = c o e f f i c i e n t s  de f ined  i n  Eq, 2 .43 a , b ,  and c r e s p e c t i v e l y0' l9 n 
C '  ,C'  ,C" = c o e f f i c i e n t s  d e f i n ed  i n  Eqs. 2 .51 ,  2 .52 ,  and 2 .53  r e s p e c t i v e l y  O n 1  
Cr ,C :  = c o e f f i c i e n t s  de f ined  i n  Eqs. 4.10 and 4 . 1 1  r e s p e c t i v e l y
r 
C = t r a n s l a t i o n a l  mode r a d i a t i o n  damping i n  ea r thquake  response 
R9 t 

= 2-th mode r a d i a t i o n  damping i n  ea r thquake  response  
'R, i 
C = t r a n s l a t i o n a l  mode added mass c o e f f i c i e n t  i n  ear thquake
' response  
'M, i = i - t h  mode added mass c o e f f i c i e n t  i n  ea r thquake  response  
Fd = t o t a l  hydrodynamic f o r c e  due t o  rod  motions 
H = i n c i d e n t  wave h e i g h t  
= Hankel f unc t i on  of  t h e  f i r s t  k ind  of o r d e r  n  = J + i Y  
n 
I I I I = i n t e g r a l  exp re s s ions  de f ined  i n  Eqs. 2.57 through 2.601' 2 3 3  4 
I;, IGi9I;, Iki = i n t e g r a l  exp re s s ions  de f ined  i n  Eq. 5.9 
I = moment of i n e r t i a  of  rod i n  a i r  about  a x i s  through the  ba se  
S 
J = Bes s e l  f un c t i on  of  t h e  f i r s t  k i nd  of o rde r  n  
n  
K = modif ied  Bes se l  f un c t i on  of t h e  second k ind  of o r d e r  m 
m_ 

K '  = dK / d ( k r j
m m 
L = l e n g t h  of t he  rod 

M = moment of f l u i d  f o r c e s  about  t h e  base 

Pif = t o t a l  mass of water  d i sp l aced 
d 
4if 
Mai = i - t h  modal mass i n  a i r  

= def ined  i n  E q .  5 . 1 1 
Mci i  
* 
M ,M = de f ined  i n  E q .  5.12 and 5.13 
t g i  

R = r ad ius  of t h e  rod 

T = wave pe r iod  





V = ear thquake spectrum Psuedo-Velocity 

W = weight of t h e  rod i n  a i r  

Yn = Besse l  f u n c t i o n  of t h e  second k ind ,  o r d e r  n 

a = wave ampli tude 

c = s t r u c t u r a l  damping c o e f f i c i e n t  

S 
c = r a d i a t i o n  damping i n t e n s i t y  c o e f f i c i e n t  
1 

c = added mass i n t e n s i t y  c o e f f i c i e n t  
m 

d = mean water  dep th  





f = f o r c e  i n t e n s i t y  on a  c y l i n d e r  a t  r e s t  
0 
ft = t o t a l  f o r c e  i n t e n s i t y  on a  c y l i n d e r  
f d  = f o r c e  i n t e n s i t y  r e s u l t i n g  from motion of  t h e  c y l i n d e r  
i = f i  
k = wave number 

k = defined in E q ,  2,22

n 
m = mass of water  d i sp l aced  p e r  u n i t  l e n g t h  of cy l inde rd 
p = t o t a l  f l u i d  p r e s s u r e  
ph = h y d r o s t a t i c  p r e s s u r e  
pd = hydrodynamic p r e s s u r e  

q , 4 , q  = g e n e r a l i z e d  d i sp lacement ,  v e l o c i t y ,  and a c c e l e r a t i o n  

r , 8, z = c y l i n d r i c a l  coo rd ina t e  

t = time 
u = h o r i z o n t a l  f l u i d  p a r t i c l e  v e l o c i t y  i n  r e c t a n g u l a r  c o o r d i n a t e  
U r 9 u e 9 u z  = p a r t i c l e  v e l o c i t y  components i n  c y l i n d r i c a l  c o o r d i n a t e s  
x ,y ,  z = r e c t a n g u l a r  c o o r d i n a t e s  
x 3 ? , 2  = r e l a t i v e  d i sp lacement ,  v e l o c i t y ,  and a c c e l e r a t i o n  i n  e a r t h -  
quake response 
x ,% ,# = ground motion d i sp lacement ,  v e l o c i t y ,  and a c c e l e r a t i o n  i n  
0 0 
e a ~ t h q u a k e  motion 
x ,k ,X = a b s o l u t e  s t r u c t u r a l  d i sp lacement ,  v e l o c i t y ,  and a c c e l e r a t i o n  
S s i n  ea r thquake  motion 






z = c e n t r o i d  d i s t a n c e  of  t he  added mass 
rn 

= p a r t i c i p a t i o n  f a c t o r  i n  a i r
r a i  

I' = p a r t i c i p a t i o n  f a c t o r  i n  wa te r  

w i  
0 = p o t e n t i a l  f u n c t i o n  
mi = i n c i d e n t  wave p o t e n t i a l  
Q s  = r a d i a t e d  wave p o t e n t i a l  f o r  s t a t i c  s t r u c t u r a l  response  
0 
Q" = r a d i a t e d  wave p o t e n t i a l  f o r  dynamic s t r u c t u r a l  response 
0 
0 = s t a n d i n g  wave p o t e n t i a l  
S 
X = wave l e n g t h  
a,&,E = angu la r  d i sp lacement ,  v e l o c i t y ,  and a c c e l e r a t i o n  of a r i g i d  
rod 
Bai = s t r u c t u r a l  damping r a t i o  i n  a i r ,  ithmode 
= s t r u c t u r a l  damping r a t i o  i n  wa te r ,  ithmode
'wi 
a = mass d e n s i t y  of water 
v = phase angle  
q = e l e v a t i o n  of f r e e  wate r  s u r f a c e  above t h e  wean wate r  l e v e l  
o = c i r c u l a r  f requency  
w = undamped structural f reguency 
ud 	= damped s t r u c t u r a l  f requency 









W E O W T I C A L  SOLUlCION 
2 . 1  INTRODUCTION 
The o b j e c t i v e  of t h i s  chap t e r  i s  t o  o u t l i n e  t he  g ene r a l  
s o l u t i o n  f o r  t h e  f  l u i d - s t r u c t u r e  i n t e r a c t i o n  c o e f f i c i e n t s  f o r  s imple  
s i n g l e  degree-of -f reedom systems e x c i t e d  by wa te r  waves. Accordingly 
t h i s  c h ap t e r  p rov ides  t h e  b a s i c  equa t i ons  f o r  t he  problems d i s cu s s ed  i n  
Chapte r  I. These equa t i ons  a r e  summarized completely  i n  S e c t i on  2 . 6 .  
Other  s e c t i o n s  of t h i s  chap t e r  a r e  concerned w i th  t h e  d e t a i l s  of  t h e  
mathemat ica l  s o l u t i o n ,  The a n a l y s i s  p r e s en t ed  h e r e i n  i s  based  on t h e  
assumption t h a t  t h e  f l u i d  i s  i n v i s c i d  and incompress ib le  and t h a t  i t s  
motion i s  i r r o t a t i o n a l ,  L inear  wave theory  i s  assumed t o  d e s c r i b e  t h e  
i n c i d e n t  and s t ruc tu r e -gene ra t ed  wa te r  waves,  and t h e  motion of t h e  
s o l i d  body i s  assumed t o  be sma l l  w i t h  r e s p e c t  t o  t h e  wa te r  dep th .  
The s o l i d  body i s  t h e  s imple  s i n g l e  degree-of-freedom system 
shown i n  F ig .  1.1which resembles c l o s e l y  t h e  l a bo r a t o r y  specimen used 
i n  t h e  expe r imen ta l  program. It i s  a r i g h t  c i r c u l a r  c y l i n d r i c a l  rod 
a t t a c h e d  t o  t h e  l a bo r a t o r y  flume f l o o r  by a  h inge  and suppor ted  by an 
e l a s t i c  s p r i n g  above t h e  f r e e  water s u r f a c e .  The rod  i s  r i g i d  and i t s  
l o n g i t u d i n a l  a x i s  i s  i n  t h e  v e r t i c a l  d i r e c t i o n .  
The o b j e c t i v e  of t h e  a n a l y s i s  i s  t o  de te rmine ,  accord ing  t o  t h e  
assumptions g iven ,  t h e  f o r c e  i n t e n s i t y  o r  f o r c e  p e r  u n i t  l e ng t h  a c t i n g  
on t h e  v e r t i c a l  c y l i nd e r  because of wa t e r  motion and t h e  induced motion 
o f  t h e  rod .  
The resul ts  o f  the analysis show t h a t  t h e  i n t e r a c t i o n  f o r c e  may 
be viewed a s  c o n s i s t i n g  of  t h r e e  p a r t s :  v i z ,  one p a r t  which i s  independent  
of  t h e  rod  motion, a second p a r t  p r o p o r t i o n a l  t o  t he  angu la r  v e l o c i t y  of  
t h e  r od ,  and a t h i r d  p a r t  p r opo r t i on a l  t o  t h e  angu la r  a c c e l e r a t i o n  of t h e  
rod .  The f i r s t  component of t h e  i n t e r a c t i o n  f o r c e ,  be ing  independent  of 
t h e  rod mot ion ,  i s  t h e  wave f o r c e  which would a c t  on a s t a t i c  s t r u c t u r e .  
If bo th  t h e  wa te r  and t h e  rod were at  r e s t  and t h e  rod  then 
e x c i t e d ,  t h e  motion of the rod would a l t e r  t h e  energy of  t he  f l u i d .  For 
example, i f  t h e  t op  of t h e  rod i s  moved i n  harmonic motion, a  p r og r e s s i v e  
wave i s  g ene r a t e d  by i t s  motion and i s  propagated outward from t h e  
c y l i nde r .  I n  a dd i t i on ,  t h i s  e x c i t a t i o n  produces  a s t a nd i ng  wave 
a l s o  i n  t h e  f l u i d  n e a r  t h e  cy l i nde r .  The i n t e r a c t i o n  f o r c e  a s s o c i a t e d  
w i th  t h e  produc t ion  of t h e s e  two waves ha s  a  component p r o p o r t i o n a l  t o  
t h e  angular a c c e l e r a t i o n  of  t h e  rod  and one p r opo r t i on a l  t o  angular 
v e l o c i t y .  The f i r s t  of t h e s e  components, because of  t h e  p r o p o r t i o n a l i t y  
t o  a c c e l e r a t i o n ,  i s  commonly c a l l e d  t h e  "added mass". The second compon- 
e n t  may b e  termed " r a d i a t i o n  damping" s i n c e  i t  w i l l  appear  i n  t h e  equa t ion  
of motion of  t h e  rod a s  a d i s s i p a t i v e  term p ropo r t i on a l  t o  t h e  f i r s t  
power of  v e l o c i t y .  More p r e c i s e  d e f i n i t i o n s  of t h e s e  terms w i l l  be  given 
l a t e r .  
When the  rod  i s  set  i n t o  motion by t h e  a c t i o n  of  waves r a t h e r  
than  some e x t e r n a l  cause,  t h e  "added mass" and " r a d i a t i o n  damping" e f f e c t s  
are superposed  on t h e  i n t e r a c t i o n  f o r c e  component a s s o c i a t e d  w i th  wave 
f o r c e s  on a s t a t i c  rod.  
It may be u s e f u l  t o  r e c a l l  here t h a t  the p r e s e n t  a n a l y s i s  assumes a 
nor?-viscous f l u i d ,  and hence,  w i l l  n o t  p r e d i c t  t h e  e x i s t e n c e  of a d rag  
type  i n t e r ac t i on  f o r c e  component p r opo r t i on a l  t o  t h e  squa re  of t h e  
r e l a t i v e  v e l o c i t y  o f  a  po i n t  on t h e  rod measured w i t h  r e s p e c t  t o  t h e  
f l u i d .  
In t h e  fo l lowing  d i s cus s ion  t h e  b a s i c  equa t i ons  w i l l  be  developed 
f o r  computing i n t e r a c t i o n  fo r ce s  f o r  t he  s imple  rod.  I n  subsequent  chap t e r s  
t h e  f o r c e  i n t e n s i t y  w i l l  be  determined f i r s t  f o r  t h e  rod  and t hen  t h e  
exp r e s s i on s  w i l l  be  modif ied t o  pu t  t h e  r e s u l t s  i n  more g ene r a l  form 
useful i n  p r e d i c t i n g  t h e  response  of a c t u a l  s t r u c t u r e s .  
2 , 2  INC IDENT  WAVE DES CRIPTION 
According t o  l i n e a r  wave t heo ry  ( 9 )  a long-cres ted ,  p r o g r e s s i v e ,  
p e r i o d i c  wave o f  ampli tude a and c i r c u l a r  o ,  and p ropaga t i ng  i n  wa t e r  of 
cons t an t  depth d  is  de f ined  by t h e  fo l l owing  equa t i ons  
= a s i n  [kx-at]
ni 
0' = gk t anh  [kd] 
The i n c i d e n t  wave v e l o c i t y  p o t e n t i a l  i s  Qi, a i s  t h e  wave ampl i tude ,  g 
i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  o i s  t h e  c i r c u l a r  wave f requency ,  k 
i s  t h e  wave number, d i s  t h e  wa t e r  dep th ,  and n i s  t h e  e l e v a t i o n  of  t h e  
f r e e  water surf ace  above t he  mean wa t e r  l e v e l .  The coo rd ina t e  systems x, 
y ,  z and r, z, % a r e  s h am  i n  F ig .  1 . 2 .  Time i s  denoted t. The qua r i t i t i e s  
0 ,  k, and a a r e  r e l a t e d  t o  t h e  wave p e r i o d  T, wave l e ng t h  A ,  and t h e  wave 
h e i gh t  H r e s p e c t i v e l y  by t h e  fo l l owing  r e l a t i o n s h i p  
The wave desc r ibed  h e r e  t r a v e l s  i n  a d i r e c t i o n  p a r a l l e l  t o  t he  x-axis  
w i t h  a wave speed o r  c e l e r i t y  C where 
It i s  more convenient  t o  adopt  c y l i n d e r i c a l  coo rd ina t e s  a s  w e l l  
as complex a l g eb r a  n o t a t i o n .  Accordingly,  t h e  i n c i d e n t  wave p o t e n t i a l  
may be t a k en  as t h e  r e a l  p a r t  of  t h e  fo l l owing  exp re s s ion .  
= A .  cosh [ k z ] { ~ o [ k r ]+ 2  i n ~ n [ k r ]  cos [ n@ ] ) e x p  [ - io t l  (2.8)
'i 1 
n= l  
and 
The q u a n t i t y  J i s  t h e  Bes se l  Funct ion of t h e  f i r s t  k i nd  of  o rde r  n and 
n 
i is  e q u a l  t o  JT. 
2 . 3  EQUATION OF MISTION OF TEST ROD 
7 7  
me s i n g l e  degree-of -freedom system is shown in Fig. 1.i. It is 
a c i r c u l a r ,  r i g i d  rod  s e c t i o n .  For t h e  purpose of t h i s  a n a l y s i s ,  t h e  rod i s  
assumed t o  move only i n  t h e  x-z p l ane ,  and i t s  d i sp l aced  con f igu ra t i on  i s  
de f ined  by t h e  angle  a measured clockwise from t h e  v e r t i c a l  a x i s .  
Accordingly,  t h e  rod  i s  a single-degree-of-freedom system and t h e  equa t ion  
of  motion f o r  sma l l  ang l e s  of displacement  i s  a s  fo l lows .  
The mass moment of i n e r t i a  of t h e  rod  i n  a i r  about  an a x i s  through t h e  
bot tom h inge  i s  I
s 3  c S i s  a c o e f f i c i e n t  of  f r i c t i o n  account ing  f o r  
energy l o s s  i n  t h e  s o l i d  p a r t s  t h e  assembly, t h e  s p r i n g  con s t an t  i s  ks 9  
t h e  t o t a l  weight of t h e  rod i n  a i r  i s  W and z i s  t h e  l o c a t i o n  of t h e  
C 

c e n t e r  of  g r a v i t y  o f  t h e  rod above t h e  h inge .  The moment o f  t h e  f l u i d  
f o r c e s  about t h e  h inge  i s  ,M, 
The moment M i s  computed from t h e  t o t a l  f l u i d  p r e s s u r e ,  pt, 
a c t i n g  on t h e  s u r f a c e  of  t h e  c y l i nde r .  I f  i s  t h e  t o t a l  v e l o c i t y  
t 
p o t e n t i a l  d e s c r i b i ng  t h e  f l u i d - r od  i n t e r a c t i o n ,  t h e  t o t a l  p r e s s u r e  i s  
g iven  by t h e  fo l lowing  
where p is t h e  mass d en s i t y  of  wa t e r .  The f o r c e  i n t e n s i t y  a t  any s e c t i o n ,  
f t ,  o f  t h e  rod  i s  g iven  a s  fo l l ows .  
ft = -2 j ptR cos [ e l  de 
0 
The q u a n t i t y  R i s  t he  r ad iu s  of  t h e  rod .  
F i n a l l y ,  t h e  moment i s  
d+rl 
2 lod+q 1+IT p z  ,f tzdz  = R cos [ 0 ]  dB dz 
0 0 
The second term on t he  r i g h t  hand s i d e  of E q ,  2 . 1 1  i s ,  of  course ,  
t h e  h y d r o s t a t i c  p r e s s u r e ,  ph. The i n t e r a c t i o n  f o r c e  i n t e n s i t y  a s s o c i a t e d  
w i th  i t  is r i ~ ~ ~ ~ a  f i n i t e  v a l u e s  of There remains tof o r  sma l l  b u t a.  
compute t h e  hydrodynamic f o r c e  i n t e n s i t y ,  f d ,  a s s o c i a t e d  w i t h  t h e  
hydrodynamic p r e s s u r e  p whered 
and 
2 ,4  GENERAL SOLUTION FOR TflE VELOCITY POTENTIAL 
This  s e c t i o n  d e s c r i b e s  t h e  g ene r a l  s o l u t i o n  f o r  t h e  t o t a l  v e l o c i t y  
p o t e n t i a l  from which t h e  i n t e r a c t i o n  p r e s s u r e  may be computed. Accordingly,  
w e  seek s o l u t i o n s  t o  Laplaces  equa t i on ,  v i z  
which s a t i s f y  t h e  fo l l owing  boundary cond i t i ons  : 
( a )  a t  z = 0, -a4j - 0a z 
a24j a 2@(b)  a t  z = d,  7- k g - =  0 
a t  a~ 
@( c )  a t  r = R,  - -= Z 4 cos [ e l
ar 
(d )  a t  r + m 9  @ +- Qi 
The f i r s t  cond i t i on  r e q u i r e s  t h a t  t h e  v e r t i c a l  v e l o c i t y  of f l u i d  p a r t i c l e s  
on t h e  seabed  be zero .  The second cond i t i on  r e qu i r e s  c on s t an t  p r e s s u r e  on 
t h e  f r e e  wa te r  s u r f a c e  a s  w e l l  a s  t h e  c ompa t i b i l i t y  of  f r e e  s u r f a c e  w&th 
i t s  c o n s t i t u e n t  p a r t i c l e s .  The t h i r d  cond i t i on  r e l a t e s  t h e  l i n e a r  v e l o c i t y  
o f  s e c t i o n s  of  t h e  rod t o  t h e  p a r t i c l e  v e l o c i t y  of t h e  f l u i d  a d j a c en t  t o  
t h e  rod .  F i n a l l y ,  t h e  l a s t  c ond i t i on  r e q u i r e s  t h a t  t h e  s p a t i a l  e x t e n t  of  
t h e  i n f l u e n c e  of t h e  rod  on t h e  f low be  f i n i t e .  
The g ene r a l  s o l u t i o n  f o r  t h e  t o t a l  v e l o c i t y  p o t e n t i a l  can be  
de te rmined  by superimposing t h e  p o t e n t i a l s  f o r  t h e  d i f f e r e n t  wave t ypes  
which can e x i s t  i n  t h e  f l u i d  medium i n  such  a manner t h a t  t h e  boundary 
c ond i t i on s  a r e  s a t i s f i e d .  Accordingly,  we need t o  combine t h e  p o t e n t i a l  
f u n c t i o n s  f o r  a  s t a nd i ng  wave, Qs, and a  wave r a d i a t e d  outward, 6 wi t h  
- 0  
t h e  i n c i d e n t  wave g iven  above. The t o t a l  p o t e n t i a l  i s  then  g iven  by t h e  
fo l l owing  exp re s s ion :  
No te  t h a t  t h e  i n c i d e n t  wave p o t e n t i a l  and a s s o c i a t e d  r e l a t i o n s h i p s  g iven  
i n  Eq .  2 .1-2 .3  and Eq .  2 . 8  and 2 .9  s a t i s f y  t h e  boundary c ond i t i on s  
e x c ep t  a t  t h e  s u r f a c e  of t h e  rod.  The p o t e n t i a l  f un c t i on s  given below 
f o r  t h e  s t a nd i ng  and r a d i a t e d  waves are i n  t h e  same manner; v i z ,  they  
s a t i s f y  a l l  t h e  boundary cond i t i ons  except  a t  t h e  rod .  The boundary 
cond i t i ons  a t  t h e  rod  and cond i t i ons  of  o r t hogona l i t y  a r e  used t o  d e t e r -
mine t h e  unknown c o e f f i c i e n t s  f o r  t h e  s t a nd i ng  and r a d i a t e d  waves. 
A s imple  wave propaga t ing  outward from t h e  o r i g i n  is de f ined  
by t h e  fo l l owing  r e l a t i o n s h i p s .  
CO 

m = { C  c H  (1) [kr ]  cos  [no] cosh [kz]}exp [ - i o t ]  
0 n n 
o2 = gk tanh  [kd] 
-
= { 1 C W ' ' I  [kr l  cosh [kd] cos [no] }exp 1- iot]  
n n 

where t h e  complex p o t e n t i a l  f o r  t he  r a d i a t e d  wave i s  r9 t h e  va lues  of  
0 '  
C a r e  unknown c o e f f i c i e n t s ,  H [ - ]  i s  t h e  Kankel f unc t i on  of t h e  f i r s t  
n n 
k i nd  e v a l u a t e d  f o r  t h e  argument no t e s  i n  b racke t s .  The quan t i t y  ; i s  t h e  
0 
wa t e r  surface e l e v a t i o n  a s soc i a t ed  w i th  t h i s  wave component given i n  com-
p l e x  form. Note t h a t  t h e  r e l a t i o n s h i p  between c i r c u l a r  frequency and wave 
number g iven  by Eq .  2 .18 i s  i d e n t i c a l  w i th  t h a t  given by Eq . 2.3.  
The p rog re s s ive  wave n a t u r e  of Q can be observed e a s i l y  by 
0 
examining t h e  product  of  t h e  space  and time t e r n s  f o r  l a r g e  va lues  of 
which is  of t h e  form r - C t  and thus  s a t i s f i e s  t he  requirement of a  p rog re s s ive  
wave. 
A s  i n  t h e  case  of  t h e  i n c i d en t  wave, Eq .  2.17 s a t i s f i e s  a l l  the 
boundary cond i t i ons  except  a t  the  s u r f a c e  of t h e  rod.  This remaining 
boundary cond i t i on  w i l l  be used l a t e r  t o  compute t h e  va lues  of  Cn. 
The complex form of t h e  v e l o c i t y  p o t e n t i a l  and a s soc i a t ed  equa t ion  
f o r  a s t a nd i ng  wave, @s i s  a s  fo l lows .  
-u s  = 1 ( - i o ) ~ ~ [ k ~ r l  [knd] cos [no] )exp [ - io t ]  . ( 2 . 2 3 )&s 
m=o n = l  
The q u a n t i t y  B denotes  a se t  of c o e f f i c i e n t s  t o  be determined by the  
m5n 
s a t i s f a c t i o n  of t h e  remaining boundary cond i t i on ,  and K [ * 1 i s  t h e  modif ied 
m 

Bessel func t ion  of t h e  second k ind  of o r d e r  m. Note t h a t  t h e  f r e e  s u r f a c e  
boundary cond i t i on  r e s u l t s  i n  a d i f f e r e n t  r e l a t i o n s h i p  i nvo lv ing  t h e  
c i r c u l a r  frequency of  t h e  wave i n  Eq .  2.22 than t h a t  given f o r  t h e  i n c i d en t  
o r  r a d i a t e d  waves i n  Eq .  2 . 3  o r  2 .18.  Eq .  2.22 can be r ew r i t t e n  as fo l lows .  
- -0% _ 471 --
- -k d t a n  [k dl g  g~~  n  n  
Eq, 2 . 2 3  de f ines  an i n f i n i t e  number of d i s c r e t e  c h a r a c t e r i s t i c  v a l u e s  o f  
t h e  product  k  d  f o r  each  va lue  of -crLd o r  -d The parameter  -d 
n g g ~ 2  
of the  fundamental dimeasisnless parameters a s s o c i a t e d  with per iod ic 'wavk 
theo ry .  Note t h a t  f o r  any va lue  o f  ' the  s u b s c r i p t  n t h e  corresponding 
va lue  o f  knd must be such t h a t  
and t h a t  f o r  l a r g e  va lues  of n ,  
Aiso,  a s s o c i a t ed  w i t h  each va iue  o f  Ic d i s  a c h a r a c t e r i s t i c  shape, viz 
n 
cos [k z ] = cos 
n 
] (:)(knd[ 
]&tz Bsf erenee X30m 
c i v i l  ~ , g i m e ~ " i gDepar 
B106 C. ,3. Building 
University of Illinois 
~ r b m a ,Illinois 6 1 8U  
The s t and ing  wave n a t u r e  of Qs can be i l l u s t r a t e d  r e a d i l y  by 
examil~ingt h e  product  of  t h e  s p a t i a l  and temporal terms f o r  l a r g e  va lues  
o f  the radial .  distance which i s  as fo l lows .  
d imin i sh ing  wi th  i n c r e a s i n g  d i s t a n c e  from t h e  c en t e r .  
The unknown c o e f f i c i e n t s  An and B i n  t he  outgoing and s t and ing  
m,n 
wave p o t e n t i a l s ,  may be  determined by use  of t h e  o r thogona l i t y  r e l a t i o n s h i p s  
and t h e  boundary cond i t i on  a t  t h e  rod .  The o r thogona l i t y  r e l a t i o n s h i p s  
a r e  summarized a s  fo l lows .  
j cos [knd]cosh jkz] dz  = o 
r\ 
I n  the  fo l lowing  work i t  w i l l  prove u s e f u l  t o  have s u c c i n c t  d e f i n i t i o n s  
f o r  c e r t a i n  i n t e g r a l  terms. 'Accordingly, t he  fo l lowing  d e f i n i t i o n s  a r e  
made. 
= (-1 1 2  (k,d s i n  [k dl + cos [knd] -1)k d n 
n 
I,[kd] = - cosh [kz] dzd 
1 2 
= ( )  (kd s i n h  [kd] - cosh [kd] + 1 )  
cosh2 [kz] dz = - (kd + s i n h  [kd] cosh [kd] )2kd 
.where t h e  dependence of t h e  r e s u l t  i s  emphasized by t h e  b racke t ed  term, i , e . ,  
[knd1 
2 . 5  EVALUATION OF COEFFICIENTS Bm AND C 
9 n 
I n  o r d e r  t o  e v a l u a t e  t he  unknown c o e f f i c i e n t s  B and Cn, t h e  
m,n 
remaining boundary cond i t i on  a t  t he  rod ,  cond i t i on  (c) i n  s e c t i o n  2.4,  
must be s a t i s f i e d  w i th  t he  a i d  of t h e  o r t hogona l i t y  r e l a t i o n s  given i n  
Eq 2.27 and 2,28. Suppose t h a t  t h e  angu la r  response  d i sp lacement ,  v e l o c i t y ,  a 

and a c c e l e r a t i on  of t h e  rod  i s  given by t h e  r e a l  p a r t  of t h e  fo l lowing  
exp re s s ions .  
a = A exp [ - i o t ]  
& = -ioA exp [ - i o t ]  
where A i s  t h e  complex ampli tude of t h e  response.  Accordingly,  f o r  sma l l  
displacements ,  t h e  r a d i a l  fluid p a r t i c l e  v e l o c i t y  must be a s  fol lows 
a @  2
- -a K [ ~ , 6,z,t ]  = - i ~ A d ( ~ )cos [€I] exp [ - i o t ]  ( 2 . 3 6 )  
where t h e  d e r i v a t i v e  of @ is  eva lua t ed  a t  t h e  s u r f a c e  of t h e  cy l i nde r ,  i . e .  , 
a t  r = R. I n  o r d e r  t o  determine each se t  of c o e f f i c i e n t s  s e p a r a t e l y ,  
mu l t i p l y  Eq .  2.36 by cos [k. z ]  and i n t e g r a t e  ove r  t h e  wa te r  column. Thus 
J 
a@s+ F) cos [k,zI dz 
0 
= ioAd cos [ a ]  exp [-iot] j 2 cos [knzl dz (2 .37 )  
0 
Because o f  Eqs. 2 . 2 7  and 2,28, Eq. 2 . 3 7  becomes 
B k . ~ ' [ k ~ ~ ] [&Id1 [k .d ]  = iodZAI [k d l  coscos [ e l  
in=o m 9 j  J m 2 J 1 j 
Accordingly,  B i s  a s  fol lows 
m9 j  
where K' i s  the  d e r i v a t i v e  of K w i th  r e sp e c t  t o  t h e  argument k .re Since 
m m J 
only t h e  case  m = 1 i s  of i n t e r e s t ,  t h e  p o t e n t i a l  f unc t i on  f o r  t he  s t and ing  
wave can be s imp l i f i e d  a s  fo l lows .  
1 B K [k n l  cos [k z ] cos [8] exp [ - i o t ]as = n = l  n I n 
where 
I n  o rde r  t o  f i n d  C
n '  
mu l t i p ly  E q .  2 . 36  by cosh [kz] and i n t e g r a t e  
ove r  the wa t e r  column. Accordingly, 
= ioAd cos [ 8 ]  exp [ - i o t ]  I" - C O S ~  [kz] dz  ( 2 . 42 )  
The l e f t  hand s i d e  of Eq .  2 . 4 2  becomes 
kA.dI4[kd1 {Jv  1 in~;[kR] cos [no] 11 o [ k ~ ]+ 2 
n = l  
CO 

+ CkH ( l )  ' [ k ~ lcos [no1dl4,  [kd] 
n n 
n=o 
where H ( l )  ' [ k ~ ]  the derivat ive o f  H wi th  respect  t o  k r  eva lua ted  
n n 
a t  r = R, and s im i l a r l y  f o r  J' [ k ~ l .  The r i g h t  hand s i d e  becomes 
n 
ioA.d2 cos [8] I3 [kd] . 
Accordingly , 
-2iA; J: [ k ~ ]  ioAdI, [kd] 




( I )  ' [k~] 




f o r  n- --> 2 ( 2 . 4 3 ~ )
' [k~]Hn 
Note t h a t  excep t  f o r  the l a s t  p a r t  of t h e  c o e f f i c i e n t  C t h e  c o e f f i c i e n t s1 





second p a r t  of C t h e  c o e f f i c i e n t s  a r e  i d e n t i c a l  t o  t hose  which a r e 
1' 
o b t a i n e d  by assuming t h e  rod  t o  be a t  r e s t  always. This  s u g g e s t s  t h a t  t h e  
i n f l u e n c e  of t h e  outgoing wave b e  separated i n t o  two p a r t s :  viz, one p a r t  
d e s c r i b i n g  t h e  s t a t i c  s o l u t i o n ,  and one p a r t  de f ined  by t h e  motion of t h e  
rod. Thus 
where @ '  i s  a s s o c i a t e d  w i t h  t h e  s t a t i c  p a r t  of t h e  s o l u t i o n  and @ "  i s  
0 0 
. t h e  p a r t  a s s o c i a t e d  w i t h  t h e  rod  motion. 
2 . 6  ST-Y OF THE SOLUTION 
The s o l u t i o n  of t h e  problem may now be summarized. The t o t a l  

complex v e l o c i t y  p o t e n t i a l ,  a ,  i s  

where @ i s  t h e  i n c i d e n t  wave p o t e n t i a l ,  a V  and a''  a r e  t he  two p a r t s  of t h ei o o 
r a d i a t e d  wave p o t e n t i a l  and i s  t h e  s t a n d i n g  wave p o t e n t i a l .  The fo l lowing
S 
p h y s i c a l  i n t e r p r e t a t i o n  i s  u s e f u l .  The f o r c e s  a s s o c i a t e d  w i th  t h e  term 
(mi+@:) a r e  t h e  f o r c e s  which would a c t  on a  p i l e  a t  r e s t  loaded by t h e  
i n c i d e n t  waves. The f o r c e s  a s s o c i a t ed  w i t h  t h e  second term,  (@"+Qs)
0 
a r e  produced by t h e  motion of t h e  s t r u c t u r e :  t h a t  i s ,  they may be i n t e r -  
p r e t e d  even t u a l l y  a s  producing the "added mass" and " r ad i a t i on  dampingft. 
The p e r t i n e n t  equa t ions  are a s  fo l lows:  





Q 9  = C 'H  ("[kr] cos [ne] cosh [kz]exp[ - io t ]
o n n 
where 
P. i = a cosh+[kd 
ioAdI,[kd] 
3 
=C;lkH, (I)' [ k ~ ]r 4 [kd] 
o2 = gk tanh [kd] 
o2  = -gk, t a n  [knd] 





~ ~ I k d l= -(kd s i nh  [kd] - cosh [kd] f 1) 
(kd) 
[kd] = -2kd 
1 (kd + s i nh  [hd] cosh [kd] ) 
I n  computing r e s u l t s  i t  is occasionaLly convenient t o  r ew r i t e  t he  
l a s t  four equa t ions  given above i n  a l t e r n a t e  forms. Some of t h e s e  forms 
may be summarized as  fol1ows 




- 1) sinh [kd] 
I3 [kd] = 9- 12 
o d (kd)kd (3 

2 2 
I 4  [kd] = -1 ( 1  + -a d cosh [kd] )2 g kd 
~ ~ [ k d l-1 (1 + s i nhL  [kd]= 2 2 
a d 
In Chapter 3, t h e s e  equa t i ons  will be used t o  examine t h e  i d e a l  
f l u i d  f o r c e s  on static s t r u c t u r e s .  I n  Chapter 4 ,  they are used t o  examine 
t h e  f o r c e s  a s s o c i a t e d  w i th  dynamic s t r u c t u r a l  response.  
CHAPTER 3 
FORCES ACTING OW A STATIC STRUCTURE 
3 . 1  	 INTRODUCTIOI? 
T'nis chap t e r  d i s cus se s  t h e  hydrodynamic f o r c e s  a s s o c i a t e d  w i t h  
t h e  i n t e r a c t i o n  of a  harmonic wave and a c y l i n d r i c a l  member. The member 
is +-L- cy l inde r  shs'cvm i n  F i g .  1.1zxzept t h a t  i t s  base i s  at tached t o  theLIIc 
founda t ion  i n  a r i g i d  f a sh ion .  Accordingly,  t h e  c y l i n d e r  responds i n  a 
s t a t i c  manner t o  t h e  wave f o r c e s .  McCamy and Fuchs (6) f i r s t  p r e sen t ed  
t h e  s o l u t i o n  f o r  hydrodynamic f o r c e s  a s s o c i a t e d  wi th  t h i s  s t a t i c  problem. 
The s o l u t i o n  p r e sen t ed  h e r e  ag ree s  w i t h  t h e i r s  when expressed  
i n  s i m i l a r  terms,  Seve ra l  approximat ions of i n t e r e s t  are a l s o  p r e sen t ed  
i n  the f ol lowing d i s c u s s i o n .  
3.2 STATIC FORCES 
A s  no t ed  i n  Sec.  2 .6 ,  t h e  f o r c e s  a s s o c i a t e d  w i th  t h e  p o t e n t i a l  
terms a r e  those  t h a t  would a c t  on a  p i l e  a t  r e s t  and loaded  by fQi+Qh) 
t h e  i n c i d e n t  wave. The f o r c e  i n t e n s i t y  of  f o r c e  p e r  u n i t  l e n g t h ,  f o ,  on 
a c i r c u l a r  c y l i n d e r  of r a d i u s  may be computed w i t h  t h e  a i d  of Eq .  2.14 and 
E q ,  2 , 4 5 ( a )  a d  2,45(b)  a s  fo l lows .  
f  = 2 i a p R I  (mi*;) cos [ e l  do 
0 






V = t a n  
A ,  is  t h e  i n c i d e n t  wave c o e f f i c i e n t  de f ined  by Eq. 2 .50.  The 
I 

q u a n t i t i e s  J'1[kRI  and Y'P [ k ~ ]a r e  t he  d e r i v a t i v e s  o f  the Bes s e l  f u n c t i o n ,  
dJ l  [k~] / d ( k r ) ,  R e c a l l  t h a t  t h e  l o c a l  / d ( k r )  and dyl [ k ~ ]  e v a l u a t ed  a t  k R .  
p a r t i c l e  a c c e l e r a t i o n  i n  t he  i n c i d e n t  wave at r = o  o r  x = o i s  
max 
SO  t h a t  (au/at )max = -A. kocosh [kz]. Now l e t  
1 

where C i s  the i n e r t i a  f o r c e  c o e f f i c i e n t ,  
I 

Accordingly,  Eq. 3 .2  can be  w r i t t e n  as fo l l ows .  
f = C 7iR2 p (-1a u  cos [ ~ t - V ]
0 1 a max 
Thus, the f o r c e  i n t e n s i t y  a t  any po i n t  a long  t h e  p i l e  i s  p r o p o r t i o n a l  t o  
t h e  am3ient l o c a l  wa t e r  p a r t i c l e  a c c e l e r a t i o n .  Hswever , t h e  f o r c e  i n t e n s i t y  
l a g s  t h e  wave a c c e l e r a t i o n  by t h e  angle  v .  The p r o p o r t i o n a l i t y  f a c t o r  i s  
e q u a l  t o  t h e  mass of f l u i d  d i s p l a c ed  p e r  u n i t  l e ng t h  by t h e  p i l e  mu l t i p l i e d  
by a c o e f f i c i e n t  of  i n e r t i a ,  CI. 
The r e l a t i o n s h i p  between t he  i n e r t i a  c o e f f i c i e n t  and r a t i o  of 
c y l i nd e r  diameter  t o  wave l e ng t h ,  D / A ,  i s  shown i n  Fig.  3.1. Ev iden t ly ,  
i f  D / h  i s  l e s s  than  about  0 . 2 ,  CI = 2.0  w i t h i n  f i v e  p e r c en t .  For l a r g e  
va lues  of D / A ,  s ay  D / X  > - 0 . 4 ,  t he  fo l l owing  r e l a t i o n s h i p  e x i s t s .  
( i f  5A 2 0.4)  
The i n e r t i a  c o e f f i c i e n t  can be determined ove r  e n t i r e  range of t h e  r a t i o  of 
c y l i n d e r  d iameter  t o  wave l eng th  from the  fo l lowing  approximate equa t i on  
Equa t ion  3 .9 ,  which i s  shown on F ig .  3 .1 ,  g i v e s  t h e  va lue  of t h e  i n e r t i a  
c o e f f i c i e n t  t o  about +5 p e r c e n t  f o r  a l l  va lue s  of t h e  r a t i o  of c y l i n d e r  
t o  wave l e n g t h *  
W e  may e v a l u a t e  t he  e f f e c t  of wave frequency and c y l i n d e r  d iameter  
on t h e  i n e r t i a  c o e f f i c i e n t  i n  a  more u s e f u l  form by u s ing  t he  r e i a t i v e  
dep.th parameter ,  - and t h e  r a t i o  of c y l i n d e r  d iameter  t o  wa te r  dep th ,  
g ~ 2' 

~ / d .  Note t h a t  t h e  i n e r t i a  c o e f f i c i e n t  i s  e s s e n t i a l l y  e q u a l  t o  2 . 0  s o  

l ong  as d / g ~ 2s 0.25 and ~ / d  s 0.1 .  

The r e l a t i o n s h i p  between t he  phase ang l e ,  v ,  and t h e  r a t i o  of 

' c y l i n d e r  d iameter  t o  wave l eng th  i s  given i n  Fig. 3.3 .  For r a t i o s  of 
c y l i n d e r  d iameter  t o  wave l eng th  less than about 0 .6 ,  t h e  i n e r t i a  f o r c e  
l a g s  t h e  a c c e l e r a t i o n  by a s  much a s  0.355 r a d i a n s  o r  about  20'; i t  l a g s  
the a c c e l e r a t i o n  by an i n c r e a s i n g  amount f o r  l a r g e r  va lues  of  t h e  r a t i o .  
For  v e r y  s m a l l  va lue s  of  t h e  r a t i o  o f  c y l i n d e r  d iameter  t o  wave l e n g t h ,  
t h e  phase  a n g l e ,  v,  may be computed approximately a s  
This exp re s s ion  is accurate t o  5% for values of D / A  less than about 0.15. 
For  values of D/A l a r g e r  than about  1 .5 ,  t h e  phase ang l e  is  given wi t h i n  
5 p e r c e n t  as f o l l ows  
CHAPTER 4 
FORCES ASSOCIATED WITH DYNAMIC STRUCTURAL RESPONSE 
4 . 1  INTRODUCTION 
The a n a l y s i s  i n  Chapter 2 shows t h a t  t h e  t o t a l  hydrodynamic 
p r e s s u r e  r e s u l t i n g  from wave-st ructure  i n t e r a c t i o n  can be viewed a s  
c o n s i s t i n g  of two components: v i z ,  one component which i s  independent  of 
t h e  s t r u c t u r a l  motion and depends only on wave motion,  and one which i s  
independent  of  wave motion and depends on ly  on s t r u c t u r a l  motion. The 
component which i s  independent  of s t r u c t u r a l  motion i s  d i s cus sed  i n  
Chapte r  3. It i s  i d e n t i c a l  f o r  s t r u c t u r e s  which respond s t a t i c a l l y  o r  
dynamica l ly .  I n  t h i s  chap t e r ,  t h e  f o r c e s  produced s o l e l y  by s t r u c t u r a l  
motion a r e  d i s cus sed .  
The response-dependent f o r c e s  may be viewed a l s o  as hav ing  two 
components, one i s  a f unc t i on  of s t r u c t u r a l  v e l o c i t y  and t h e  second a 
f u n c t i o n  of  s t r u c t u r a l  a c c e l e r a t i o n .  The former is  c a l l e d  commonly t h e  
" r a d i a t i o n  damping" f o r c e  and the  l a t t e r  is the  so -ca i i ed  added mass force .  
I n  t h e  fo l l owing  d i s cus s ion  t he se  f o r c e s  a r e  computed f o r  t h e  s imple  
s i n g l e  degree  of freedom system shown i n  F ig .  1.1. It i s  assumed t h a t  t h e  
rod  moves i n  s imple  harmonic motion. Subsequent ly ,  t h e s e  r e s u l t s  a r e  
i n t e r p r e t e d  i n  terms of more complicated s t r u c t u r e s ,  
4.2 SINGLE DEGREE-OF-FREEDOM SYSTEM 
According t o  Eq .  2.45, t h e  p o t e n t i a l  f un c t i on  a s s o c i a t e d  w i t h  
a ngu l a r  motion of t h e  rod ,  a = A exp [ - i o t ]  , i s  t h e  sum @ " + Qs. The 
0 
f o r c e  i n t e n s i t y ,  f d ,  a c t i n g  on t h e  c y l i nde r  because of  t h e  wa te r  may be 
computed u s ing  Eq. 2.14. The r e s u l t  is  a s  fo l lows .  
- - 
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Thus accord ing  t o  t h e  r e l a t i o n s h i p s  g iven  i n  Eqs. 2 . 4 8 ,  2 .49 ,  2 .53  and 

2 .54 ,  t h e  f o r c e  i n t e n s i t y  may be w r i t t e n  a s  fo l l ows .  

The f u n c t i o n s  I1912913, and I4 are de f ined  i n  Eqs. 2.57 and 2 .60 .  

It i s  convenient  t o  w r i t e  t h e  p r eced ing  equa t i on  i n  t h e  fo l l owing  form. 

The c o e f f i c i e n t s  cr and cm may be  i n t e r p r e t e d  a s  c o e f f i c i e n t s  of " r a d i a t i o n  

damping i n t e n s i t y "  and "added mass i n t e n s i t y " .  S ince  & and P1 a r e  t h e  

a n g u l a r  v e l o c i t y  and a c c e l e r a t i o n  of t h e  r o d ,  t h e  q u a n t i t i e s  d& and dti 

r e p r e s e n t  t h e  l i n e a r  v e l o c i t y  and a c c e l e r a t i o n  of  t h e  rod  a t  t h e  f r e e  wa te r  

s u r f a c e .  

a,,,,FFi in E q .  4 .3 are as fo l l ows .LVGLLLL-LLL.LU 
20 I 3  
C = -- cosh [kzI 
T ( ~ R ) ~ { ( J , ' [ ~ R I ) ~  2 I4+ (ylv[kR1) 1 




cosh kz m T
~ R ~ ( J ~ ' [ ~ R I ) ~ +  -4( Y ~ ' ~ ~ K I ) ~ I  
K1 [ k ~ l  I1 
- 1 -I cos [ k , ~ ]  
n = l  knR K ~ '[ k ~ ]  2 
The f o r c e  i n t e n s i t y  may be i n t e g r a t e d  t o  produce t o t a l  hydro- 
dynamic f o r c e ,  F ,  where 
d 
F = j  f d z  = -Md{Cr d& + C mdE} 
0 
M i s  t h e  t o t a l  mass of  wa t e r  d i s p l a c ed  by t h e  rod ,  and t h e  r a d i a t i o n  d 
damping c o e f f i c i e n t ,  C and t h e  added mass c o e f f i c i e n t ,  Cm3 are de f ined  
r 

as f o l l ows , 
4*3 WZATHQN  DAMFHNG FORCE 
According t o  Eq .  4 . 6  t h e  t o t a l  r a d i a t i o n  damping f o r c e  i s  
' M ~ c ~  i .e. , t h e  produc t  of t h e  d i s p l a c e d  mass, t h e  r a d i a t i o n  damping (d&) ,  
c o e f f i c i e n t , v e l o c i t y .  The r a d i a t i o n  damping c o e f f i c i e n t  depends only 
2 
on t h e  r e l a t i v e  depth parameter ,  d / g ~, and t h e  r a t i o  of  t h e  c y l i n d e r  
r a d i u s ,  R, t o  t h e  wa te r  dep th ,  d. This  r e l a t i o n s h i p  i s  shown i n  F ig ,  4 ,1 .  
For  f i x e d  va lues  of t h e  r a t i o  R/d, t h e  r a d i a t i o n  damping c o e f f i c i e n t  
2i n c r e a s e s  from zero  t o  a  maximum, and dec rea se s  t o  ze ro  a s  d/gT i n c r e a s e s  
from z e r o  t o  i n f i n i t y .  The l o c a t i o n  of t h e  maximum va l u e  of C a s  w e l l  as  
r 

' i t s  magnitude a r e  dependent on t he  r a d i u s  t o  depth r a t i o .  
According t o  Eq. 4 .4 ,  t h e  d i s t r i b u t i o n  of t h e  damping f o r c e  
i n t e n s i t y  i s  p r o p o r t i o n a l  t o  cosh[kz]  . 	Accordingly, t h e  l o c a t i o n  of t h e  
-
c e n t r o i d  o f  t h e  i n t e n s i t y  d i s t r i b u t i o n ,  	z ,  above t h e  seabed  i s  
-
d d 
z = 11z cosh[k i ]dz} /  11 c o s h [ k r ] d r ~ .  The r e l a t i o n s h i p  between ' a d  and 
0 	 0 2t h e  r e l a t i v e  depth parameter ,  d / g ~, i s  shown i n  F ig .  4 . 2 .  Fo r  s m a l l  va lue s  
-
of  t h e  r e l a t i v e  dep th  parameter ,  z / d  0 .5 ,  i . e . ,  t h e  f o r c e  a c t s  a t  t h e  
middle of t h e  w a t e r  column. For l a r g e  v a l u e s ,  t h e  f o r c e  a c t s  n e a r  t h e  f r e e  
w a t e r  s u r f a c e  s i n c e  i / d  approaches 1 . 0  a s  no t ed  by Pe t r auskus  ( 6 ) . 
It i s  u s e f u l  t o  s e p a r a t e  t h e  v a r i o u s  f a c t o r s  i n  t h e  r a d i a t i o n  
damping c o e f f i c i e n t  and w r i t e  i t  i n  t h e  fo l lowing  form. 
This  s e p a r a t e s  t he  c o e f f i c i e n t  i n t o  t h r e e  p a r t s :  v i z ,  (1)  t h e  c i r c u l a r  
f requency ,  ( 2 )  a f a c t o r  (C;) dependent upon t h e  r a t i o  of  c y l i n d e r  d iameter  
t o  wave l e n g t h  ( k ~ = n D / h ) ,  and (3) a f a c t o r  (C:) dependent upon d / g ~ 2  and 
t h e  mode shape o r  displacement  p a t t e r n  of  t h e  s t r u c t u r e .  
F igure  4.3 shows t h e  r e l a t i o n s h i p  between C vr and t h e  r a t i o  of 
c y l i n d e r  diameter  t o  genera ted  wave l e n g t h ,  D / X .  R e c a l l  t h a t  X=2n/k and 
t h e  wave number i s  r e l a t e d  t o  f requency by t h e  r e l a t i o n s h i p  02=gk tanh[kd]  
as n o t e d  i n  Eq. 2 . 3 .  For i n c r e a s i n g  va lues  o f  D/X, C '  r i ~ c r e a s e s  from zero 
t o  a  maximum va lue  of 0.74 a t  D'/X = 0.32 ; t h e r e a f t e r  C: dimin ishes  and 
approaches  zero  a s  D / X  grows l a r g e .  The r e l a t i o n s h i p  shown i n  t h e  f i g u r e  ' 
may be approximated e a s i l y  f o r  both l a r g e  and sma l l  v a l u e s  o f  D / A  a s  
f o l l ows  
Eq. 4.12 i s  i n  e r r o r  l e s s  than  5 pe rcen t  f o r  D / X S  0 . 17 ,  Eq. 4 .13  i s  i n  
e r r o r  less than  5 p e r c en t  f o r  D/h r  0.50. For  a l l  va lue s  o f  D /X ,  c;( may 
be approximated a s  f o l l ows ,  
This  e qua t i on  i s  shown a s  t h e  "approximate" s o l u t i o n  on Fig. 4.3.  
For  2 spec i f i c  shape (ir. t h i s  case the  r q t r i a g d l ! r r l  m e  
2
z /d )  t h e  second pa rame te r ,  C:, depends only on d /gT . The r e l a t i o n s h i p  
between C"r and d / g ~ 2  i s  shown on F ig .  4.4. For va lues  of d / g ~ 2  l e s s  than  
about  0 .6 ,  C: - 0.5. For  l a r g e  va lues  of  r e l a t i v e  d@pth 
4 . 4  ADDED MASS FORCE 
According t o  Eq .  4.6 t h e  t o t a l  added mass f o r c e  i s  MdCrn(dB) ,  i . e . ,  
t h e  p roduc t  o f  t h e  d i s p l a c ed  mass, t h e  added mass c o e f f i c i e n t ,  and a c c e l e r a t i o n .  
The added mass c o e f f i c i e n t  depends on t h e  r a t i o  of t h e  c y l i n d e r  d iameter  t o  
wa t e r  dep th ,  ~ / d ,  and t h e  r e l a t i v e  depth parameter ,  d/gT2 , i - e -, 
= Cm [ ~ / d ,  dlgT2] This  r e l a t i o n s h i p  i s  shown i n  F ig .  4 . 5  f o r  t h e  Cm 
h inged  rod.  According t o  two-dimensional i d e a l  f l u i d  t heo ry ,  t h e  added 
mass i n t e n s i t y  f o r c e  of a c y l i n d e r  i s  1 . 0  t imes t h e  mass of wa t e r  d i s -  
p l a c ed  t imes t h e  a c c e l e r a t i o n .  I f  t h i s  two-dimensional model were used 
t o  compute t h e  added mass c o e f f i c i e n t  f o r  t h e  p r e s e n t  problem, t h e  r e s u l t  
would be.Cm = 0 .5  since t h e  a c c e l e r a t i o n  used i n  Eq. 4.6 i s  t h a t  a t  t h e  
top  o f  t h e  r od ,  
According t o  F ig .  4 . 5 ,  t h e  added mass c o e f f i c i e n t  approaches 
a v a l u e  of 0 . 5  as t h e  r e l a t i v e  depth parameter  approaches ze ro .  For 
i n c r e a s i n g  v a l u e s  of r e l a t i v e  dep th  parameter ,  t h e  c o e f f i c i e n t  i n c r e a s e s  
t o  a maximum s l i g h t l y  above t h e  0 .5  va lue  and then dec rea se s  t o  a minimum 
which i s  dependent s t r o n g l y  on t h e  r a t i o  of  c y l i nd e r  d iameter  t o  depth.  
For  s t i l l  l a r g e r  va lues  of t h e  r e l a t i v e  depth parameter  t h e  c o e f f i c i e n t  
i n c r e a s e s  and approaches  an asympto t ic  va lue  a s  d / g ~ 2  approaches  i n f i n i t y .  
For  sma l l  v a l u e s  of t h e  r a t i o  of c y l i nd e r  diameter  t o  dep th ,  t h e  added 
mass c o e f f i c i e n t  d e v i a t e s  only s l i g h t l y  from t h e  e qu i v a l en t  two dimensional  
v a l u e .  For example, i f  ~ / d  i s  0 . 1  t h e  added mass c o e f f i c i e n t  h a s  a maximum 
2
va l u e  of 0 .52 and a minumum va lue  of 0.45 a t  d/gT equa l s  i n f i n i t y .  
F ig .  4.6 shows t h e  r e l a t i o n s h i p  between t h e  r a t i o  of t h e  added 
-
mass f o r c e  moment arm t o  wa t e r  dep th ,  z /d ,  and t h e  r e l a t i v e  dep th  para-  
m 
me te r  f o r  v a r i ou s  r a t i o s  of c y l i n d e r  d iameter  t o  wa te r  dep th .  S ince  t h e  
mode shape i s  t r i a n g u l a r  t h e  e qu i v a l en t  two-dimensional r e s u l t  would be 
-
z / d  = 0.67. The moment am- parameter i s  s t r o n g l y  dependent upon t h e  r a t i o  
m 
~ / df o r  l a r g e  va lues  of r e l a t i v e  depth parameter .  
Fig .  4 . 7  shows t h e  r e l a t i o n s h i p  between t h e  added mass i n t e n s i t y  
c o e f f i c i e n t ,  c and t h e  dimensionless  dep th ,  z / d ,  f o r  a c y l i nd e r  diameter  
m' 
t o  w a t e r  depth r a t i o  of  ~ / d= 0. PO and va r ious  va lues  o f  t h e  r e l a t i v e  depth 
2pa rame te r ,  d/gT . The f i g u r e  shows t h a t  t h e  added mass i n t e n s i t y  v a r i e s  
s u b s t a n t i a l l y  from t h a t  p r e d i c t e d  by two-dimensional c a l c u l a t i o n  over  t he  
upper  q u a r t e r  of t h e  c y l i n d e r .  There i s  a l s o  a s l i g h t  d ev i a t i on  from t h e  
twc-dimensional r e s u l t s  of  t h e  seabed.  F ig s .  4 . 8  and 4 .9  shows s i m i l a r  
r e s u l t s  f o r  l a r g e r  d iameter  c y l i nd e r s ,  I n  t h e s e  ca se s  the dev i a t i on  
between t h e  two -dimensional s o l u t i o n  and t h e  three-dimensional  s o l u t i o n  i s  
q u i t e  marked. 
It was no t ed  above t h a t  f o r  sma l l  va lue s  of r e l a t i v e  depth para-  
me te r ,  t h e  added mass c o e f f i c i e n t  approaches t h e  va lue  of 0 .5.  However t h e  
c e n t r o i d a l  d i s t a n c e  of t h e  added mass f o r c e  depends upon t h e  r a t i o  D/d. 
F igu re  4.10shows the  r e l a t i o n s h i p  between t h e  added mass i n t e n s i t y  




va l u e s  o f  t h e  r a t i o  D/d. For t h i s  very  sma l l  va lue  of d / g ~ -  t h e  d ev i a t i on  
be  tween t h e  t h r e e  -dimensional s o l u t i o n  and t h e  two-dimerisional s o l u t i o n  fs 
q u i t e  marked f o r  i n c r e a s i n g  va lues  of  D/d. 
On t h e  oppo s i t e  end of t h e  s c a l e ,  t h e  added mass aga in  approaches 
2 -
an a sympto t i c  v a l u e  a s  d/gT grows l a r g e .  F ig .  4. ll shows t h e  r e l a t i o n s h i p  
between t h e  added mass i n t e n s i t y  c o e f f i c i e n t  and t h e  r e l a t i v e  dep th ,  z /d ,  
f o r  an i n f i n i t e  v a l u e  of t h e  r e l a t i v e  depth parameter  and v a r i ou s  va lues  
o f  t h e  r a t i o  ~ / d .  
4.5 FLUID-STRUCTURE INTERACTION FORCES FOR THE TRANSLATIORAL KODE 
The preced ing  a n a l y s i s  p e r t a i n s  t o  a s i n g l e  degree-of-freedom 
sys tem i n  which t h e  d e f l e c t e d  shape o r  "mode" shape,  G ,  of the s r r u b t u f e  
i s  r e s t r i c t e d  t o  be t r i a n g u l a r .  However, t h e  assumption of mode shape 
a f f e c t s  only t h e  two i n t e g r a l  terms I and I3 de f ined  i n  Eq.  2 . 2 9  and 2.30.1 

The r e s u l t s  may be gene ra l i z ed  t o  i n c l ude  mode shape by s u b s t i t u t i n g  t h e  
normal ized  equa t i on  of t h e  mode shape ,  G ,  f o r  t h e  q u a n t i t y  z / d  i n  t h e s e  
e qua t i on s .  Of p a r t i c u l a r  i n t e r e s t  i n  t h e  r i g i d  body t r a n s l a t i o n a l  mode, 
i . e . ,  G = 1 f o r  a l l  v a l u e s  of z .  The r e s u l t s  f o r  t h i s  c a se  a r e  shown i n  
F igs .  4.12 tc 4.18-
CHAPTER 5 
RESPONSE OF OFFSHOEE STRUCTURES TO EAXTHQUAKES 
5,l INTRODUCTION 
The f l u i d - s t r u c t u r e  i n t e r a c t i o n  f o r c e s  determined i n  t h e  pre-  
v ious  c h a p t e r s  may be combined w i th  in format ion  p e r t a i n i n g  t o  v i s cous  f l u i d s  
and s t r u c t u r a l  response s p e c t r a  t o  e s t ima t e  t h e  response of o f f s h o r e  s t r u c -  
t u r e s  t o  ear thquakes .  The approach used i s  somewhat h u e r i s t i c  and i s  l im i t e d  
t o  an e s t im a t e  of response  i n  a s i n g l e  s t r u c t u r a l  mode. They a r e  c o r r e c t  i f  
t h e  base e x c i t a t i o n  i s  p e r i o d i c  wi th  f requency equa l  t o  t h e  f requency of t h e  
s t r u c t u r e .  The primary purpose f o r  t h i s  a n a l y s i s  i s  t o  p rov ide  an approxi-
mate method f o r  i n v e s t i g a t i n g  t h e  r e l a t i v e  importance of t h e s e  t h e o r e t i c a l  
f l u i d - s t r u c t u r e  i n t e r a c t i o n  f o r c e s  i n  t h e  response  of o f f s ho r e  s t r u c t u r e s .  
The fo l lowing  d i s cu s s i on  p r e s en t s  t h e  development of t h e  
modal e q u a t i o n  of motion f o r  a s t r u c t u r e  s ub j e c t e d  t o  an ear thquake .  
Th i s  e qua t i on  i n c l ude s  a pp rop r i a t e  r a d i a t i o n  damping terms which may 
be e v a l u a t ed  by approximate exp re s s ions  developed from t h e  equa t i ons  
i n  the p receed ing  ch ap t e r s .  The r a d i a t i o n  damping terms e n t e r  i n t o  
t h e  modal equa t i on  i n  d i f f e r e n t  f a s h i on  than  v i s cous  damping appears  
i n  t h e  equa t i on  of motion used a s  a b a s i s  f o r  t h e  s t r u c t u r a l  
r e sponse  spectrum i n  ear thquake  eng inee r ing .  The e f f e c t  of t h e  
r a d i a t i o n  damping terms on t h e  response  spectrum i s  desc r ibed .  
5 .2  MODAL EQUATIONS OF MOTION 
Suppose t h e  s i n g l e  degree-of-freedom (SDF) system shown i n  
F ig .  5 . l ( a )  i s  s ub j e c t e d  t o  a time-dependent base  a c c e l e r a t i o n ,  %o . 
If t h e  r e l a t i v e  motion coo rd ina t e  x = x--x is adopted where x i s  t h e  
s 0 s 
a b s o l u t e  displacement  of t h e  mass, t h e  equa t i on  of motion f o r  t h e  
system i s  
The undamped c i r c u l a r  n a t u r a l  f requency  i s  w and f3 i s  t h e  damping r a t i o  
a s s o c i a t e d  w i t h  s t r u c t u r a l  damping. The q u a n t i t i e s  5 and 2 a r e  t h e  
r e l a t i v e  v e l o c i t y  and a c c e l e r a t i o n  r e s p e c t i v e l y .  The g ene r a l  s o l u t i o n  
of t h i s  equa t i on  i s  
where w i s  t h e  damped c i r c u l a r  f requency ,  By convent ion ,  t h e  s t r u c t u r a l  d 
r e sponse  spectrum i s  a p l o t  of psuedo-ve loc i ty ,  V ,  a s  a f unc t i on  of t h e  
n a t u r a l  f requency f (f = 0 / 2 7 ~ ) ,o r  p e r i od  T (T = l / f  ) where t h e  psuedo- 
s s S s S 
v e l o c i t y  i s  V = 1 XmaxI and x m a x  i s  maximum va l u e  of displacement  g iven  
by Eq .  5.2 .  Thus, t h e  response spectrum depends on ly  upon t h e  danping 
p, and t h e  n a t u r e  of t h e  base a c c e l e r a t i o n ,  ii . Figure  5 . 2  i s  a s k e t c h  
0 
of  an i d e a l i z e d  s t r u c t u r a l  response  spectrum, Such s p e c t r a  may be 
r e a d i l y  c on s t r u c t ed  from a knowledge of t h e  maximum ground d i sp lacement ,  
v e l o c i t y ,  and a c c e l e r a t i o n  u s ing  emp i r i c a l  methods ( 10). 
Now cons ide r  a s t r u c t u r e  s i m i l a r  t o  t h a t  shown i n  F ig .  5 . l ( b )  
e x c ep t  t h a t  i t  i s  surrounded by a i r  r a t h e r  t han  wa te r  shorn  i n  
t h e  f i g u r e .  The s t r u c t u r e  may have any number of deg ree s  of freedom. 
I n  t h e  ca se  of  multi-degree-of-freedom sys tems ,  t h e  a n a l y s i s  i s  g r e a t l y  
s im p l i f i e d  by u s i ng  the  normal mode method (10). This  pe rmi t s  t h e  set 
of e qua t i on s  or' motion which a r e  coupled u s u a l l y  t o  be w r i t t e n  i n  
uncoupled form a s  a se t  of s imple  equa t ions ,  each  one of  which r e p r e s e n t s  
t h e  r e sponse  of a s i n g l e  mode of t h e  system. For  example, suppose f o r  
r e l a t i v e  motion, x ,  of t h e  s t r u c t u r e  shown i n  F ig .  5 . l ( b )  i s  w r i t t e n  
i n  terms of  t h e  normal modes, i.e . ,  x = 1 5  .q where 5 i s  t h e  mode 
a 1  iP a i  
shape  of t h e  ithmode when t h e  s t r u c t u r e  i s  i n  a i r  and q i s  t h ei 
a s s o c i a t e d  g ene r a l i z ed  d i sp lacement  c oo rd i n a t e  which i s  a f unc t i on  of 
t ime; t h e  summation ex tends  over  a l l  modes. Then t h e  ithmodal 
equation is 

where 4 and ?ja r e  t h e  modal v e l o c i t y  and displacement  r e s p e c t i v e l y ,  The 
damping r a t i o  i n  a i r  i s  6 and w i s  the n a t u r a l  f requency i n  a i r .  The
a i "  a i  
q u a n t i t y  I' i s  t h e  p a r t i c i p a t i o n  f a c t o r  of t h e  ithmode i n  a i r  and i s
a i  




Ma i  
* 
The modal mass M
a i  i n  a i r  i s  
where rn i s  t h e  mass p e r  u n i t  l e ng t h  o f  t h e  s t r u c t u r e .  In  t h e  two 
p reced ing  equa t ions  t h e  i n t e g r a t i o n  i s  c a r r i e d  out  over  t h e  e n t i r e  
l e ng t h  o f  t h e  s t r u c t u r e .  It i s  c i e a r  t h a t  t h e  maximum va lue  of t h e  modal 
s t r u c t u r a l  response i s  I' t i m e s  the response  determined from t h e  
a i  
r e s p n s e  spectrum such a s  Fig.  5 . 2 .  
How does t h e  surrounding water  envelope modify t h e  modal equa- 
t i o n ,  Eq .  5 .2 ,  accord ing  t o  i d e a l  S l u i d  theory?  F i r s t ,  we must d e f i n e  t he  
n a t u r a l  f requency and mode shape i n  wa te r  a s  wwi and ijb. ~ b v i o u s l y ,  t he  
modal v a l u e  of t h e  f l u i d - s t r u c t u r e  i n t e r a c t i o n  f o r c e ,  f y  . dz ,  must be 
0 
i n co rpo r a t ed  i n  t h e  r i g h t  hand s i d e  of Eq. 5 . 3 .  The q u a n t i t y  f  is  t h e  
f o r c e  i n t e n s i t y ,  i . e . ,  f o r c e  p e r  u n i t  l eng th ,  produced by t h e  motion of t h e  
s t r u c t u r e  through t h e  water .  This  f o r c e  i n t e n s i t y  may be  determined from 
t h e  a n a l y s i s  given i n  t h e  preceding chap te r s  i f  one assumes t h e  f l u i d  t o  
be i n v i s c i d ,  t he  s t r u c t u r e  to  be modeled by a c i r c u l a r  c y l i nde r ,  and only 
a s i n g l e  mode p a r t i c i p a t i n g  i n  t h e  s o l u t i o n .  Then, g e n e r a l i z i n g  E q .  4 .3 ,  
i t  i s  a s  follows 
where m i s  mass of w a t e r  d i s p l a c e d  p e r  u n i t  l e n g t h  of  s t r u c t u r e .  Thed 
c o e f f i c i e n t s  C and C must b e  r e v i s e d  t o  i n c l u d e  the t r a n s l a t i o n a l  asR M 
w e l l  as modal component of  r e l a t i v e  d i s p l a c e m e n t  a s  shown in Fig .  5.1. 
Thus t h e  c o e f f i c i e n t s  C" and B i n  E q .  2 .48  and 2.49. r e s p e c t i v e l y ,  must 1 n 
be  found such  t h a t  t h e  r a d i a l  v e l o c i t y  a t  t h e  c y l i n d e r  w a l l  (r = R) i s  
(f + ~ ~cos ~[o] 4 )The r e s u l t  i s  as f o l l o w s . 
where 
-	 cos  [k z ]  -5 
n=l I 2  
J, [ k ~ ]J; [ k ~ ]+ Yl [ k ~ ]Y; [ k ~ ]  
-
1 
' M , i  
- -
I 4  'kR(3; [ k ~ ]  + Y; 1 cosh [kz]J; [ k ~ l  [kRIY; [kR] ) 
-
K1 [k,Rl 	 I;1 R K' [k ~j cos  [k z ]  7-





C v  i s  g i v en  by Eq .  4 . 5 ,  and I and I a r e  g iven  by E q .  2 . 3 0  and 2 . 3 2 ,
r 2 4 
r e s p e c t i v e l y .  
I n  phy s i d a l  t e r n s ,  Eq .  5.7 i n d i c a t e s  t h e  f l u i d - s t r u c t u r e  i n t e r -
a c t i o n  f o r c e  c o n s i s t s  o f  two r a d i a t i o n  damping ( i . e .  ve loc i ty -dependent )  
terms and two "added massqr terms ( i .  e.  a c c e l e r a t  ion-dependent) . I n  each 
ca se  one  te rm i s  a s s o c i a t e d  wi th  t h e  r i g i d  body o r  t r a n s l a t i o n a l  mode 
and t h e  o t h e r  w i th  t h e  s t r u c t u r a l  mode f o r  r e l a t i v e  motion of t h e  
s t r u c t u r e  w i th  r e s p e c t  t o  t h e  ground. The magnitude of t h e  two 
r a d i a t i o n  damping terms d i f f e r s a c c o r d i n g  t o  t h e  d i f f e r e n c e s  between I
s i  
and I '  S im i l a r l y ,  t h e  two added mass terms d i f f e r  accord ing  t o  t h e3 "  
d i f f e r e n c e s  between I'1 and I'c i * 
The r a d i a t i o n  damping terms a s s o c i a t e d  wi th  t h e  i n t e g r a l  
dz ~ 2 be w r i t t-,- U S ~ E ~ 5 , 7  f~ 7 3sq, 
1; I! d
s iR.H.S.  = oC:{G0 + ili I} 1 mdCwi cosh [kz]dz 
4 4 0 
Now d e f i n e  as mass-type term, Mdi '  
Then the  con t r i bu t i on  of t he  r a d i a t i o n  damping terms t o  the i n t e g r a l  
is - ~ C ' M  { I ' f  + 1'o$}/14s
r d i  3 o 
The con t r i bu t i on  of t h e  added mass terms i n  E q .  5 .7  t o  t h e  
* * 
can be w r i t t e n  a s  -M K - M q where 
t o ci i 
With t h i s  nomenclature ,  t h e  ithmodal equa t ion  of motion f o r  t h e  
s t r u c t u r e  i n  water  i s  
where B
wi9 ww i 9  and I'wi a r e  s t r u c t u r a l  damping r a t i o 3  ithmode n a t u r a l  
f requency ,  and ithmode p a r t i c i p a t i o n  f a c t o r .  These q u a n t i t i e s  a r e  
r e l a t e d  t o  t h e  i n - a i r  va lues  a s  fo l lows .  
a t  
i s  t h e  modal mass computed us ing  t h e  mode shape i n  water .  Mw i  
That  is t o  say t h a t  t h e  modal mass i s  a l t e r e d  according t o  t h e  d i f f e r ence  
between mode shapes i n  a i r  and wa te r ,  and inc reased  by t h e  con t r ibu t ion  
of t h e  added mass a s s o c i a t e d  wi th  t h e  r e l a t i v e  motion of  t h e  s t r u c t u r e .  
The mass to be m u l t i p l i e d  by t h e  base  a c c e l e r a t i o n  i s  i n c r e a s e d  by t h e  
added m a s s  c o n t r i b u t i o n  a s s o c i a t e d  w i th  t h e  r i g i d  body d i sp lacement  of  
the s t r u c t u r e  i n  t he  h o r i z o n t a l  d i r e c t i o n .  
The q u a n t i t i e s  and f3 i n  E q .  5 . 14  a r e  t he  ithmode
rc i  r t i  
r a d i a t i o n  d m p i n g  r a t i o s  a s s o c i a t e d  w i th  t h e  r e l a t i v e  modal rnotfon and 
t h e  rigid body motion components r e s p e c t i v e l y .  They a r e  given by t h e  
f o l l o w i n g  exp re s s ions .  
I
1 o g i  
* 
Mdi  
= - C V ( - HB r g i  2 r w  * )
w i  ' 4  M~~ + PI:r i  
5.3 APPROXIMATE EXPRESSIONS FOR RADIATION DAMPING 
2When the  relative depth  parameter ,  d / g ~, i s  greater  t han  about  
0.08, the exp re s s ions  f o r  I '  /I and I ' / I  may be approximated i n  ar i  4 3 4 
s imp le  manner, F u r t h e r ,  depending on t h e  r a t i o  of  c y l i n d e r  r a d i u s  t o  
g e n e r a t e d  wave l e n g t h ,  t h e  exp re s s ion  f o r  C '  may be a l s o  approximated i n  aR 
s imp le  manner. Accordingly,  approximate exp re s s ions  f o r  t h e  r a d i a t i o n  
damping terms de r ived  i n  t h i s  s e c t i o n  may be s u b s t i t u t e d  f o r  E q .  5.17a and S. 
Most of t he  energy i n  ea r thquake  ground motion i s  a s s o c i a t e d  
2w i t h  f r e q u e n c i e s  g r e a t e r  than about  0.2 Her tz .  Then t h e  ratio d / g ~  

w i l l  exceed O008 f o r  water  depths  g r e a t e r  than  about  65 f t .  For v a l u e s  

2
of  d / g ~  i n  t h i s  range,  t h e  cosh[kz] can be taken  a s  ekz/2 w i t h  very 

l i t t l e  e r r o r .  I n  t h i s  s i t u a t i o n  t h e  r a d i a t i o n  damping f o r c e  i s  

concent , ra ted  near  the  f r e e  wate r  s u r f a c e  a s  p o i n t e d  our by Pe t r auskas  

( 6 ) .  Accordingly,  t he  va lue  of t h e  i n t e g r a l  I 'r i  i s  n o t  s e n s i t i v e  t o  
t h e  e x a c t  mode shape provided i t s '  v a l u e s  n e a r  t h e  f r e e  s u r f a c e  a r e  
cor rec t .  W e  may, t h e r e f o r e ,  make a t  l e a s t  a rough e s t ima t e  of  t h e  f i r s t  
mode r a d i a t i o n  damping us ing  a s .  t h e  mode shape 5 = z / d .
w l  
F i r s t  approximate t h e  q u a n t i t y  M given  by Eq .  5.11 asdi 

where M is  t h e  mass o f  water  d i sp l aced  by t h e  s t r u c t u r e .  Le t  t h e  r a t i o  d 
of t h i s  mass t o  t h e  sum of a c t u a l  and added mass be de f ined  a s  A .  
Then the  dmp ing  r a t i o s  given i n  E q s .  5.17 and 5.18 may be w r i t t e n  i n  
the following form, 
when dlgT2 > 0.08, t h e  i n t e g r a l  r a t i o s  may be approximated a s  fo l lows .  
The r e l a t i v e  unimportance of t h e  mode shape i n  r a d i a t i o n  damping i s  
i l l u s t r a t e d  i n  E q s .  5.23 and 5 . 2 4  which a r e  a pp rop r i a t e  f o r  t h e  t r i a n g u l a r  
and t r a n s l a t i o n a l  mode shapes .  The , r a t i o  of t h e  i n t e g r a l  terms g iven  i n  
t h e s e  e qua t i on s  i s  0.68 a t  d / g ~ 2= 0.08 andapp roa che s  1.0f o r  l a r g e r  
v a l u e s  of  t h e  r e l a t i v e  dep th  parameter .  Now us ing  t h e  approximat ions 
f o r  C v  g iven  i n  Eq .  4 , 7  and 4.9  t h e  fo l l owing  approximat ions may be 
r 
w r i t  ten, 
2For v a l u e s  o f  R / ~ T  such  t h a t  0.014 ,< % < 0.04,  t h e  damping terms may 
be c a l c u l a t e d  u s ing  Eq .  4.10 o r  F ig .  4 .12  t o  determine. Ci. 
CHAPTER 6 
The f  l u i d - s t r u c t u r e  i n t e r a c t i o n  f o r c e s  produced by a 'harmonic 
s u r f a c e  wave which produces  dynamic s t r u c t u r a l  response  may be i n v e s t i -
g a t e d  u s i ng  i d e a l  f l u i d  theory .  The t heo ry  i s  d i f f i c i e n t  i n  t h a t  f o r c e s  
a s s o c i a t e d  w i th  f low s e p a r a t i o n  and o t h e r  v i s cou s  e f f e c t s  a r e  ignored .  
However, cons ide rab l e  i n s i g h t  i n t o  o t h e r  f o r c e  c h a r a c t e r i s t i c s  may be 
ga ined .  
According t o  p o t e n t i a l  t heo ry ,  t h e  f o r c e s  may b e  s ep a r a t e d  
i n t o  two components: namely one which i s  independent  of t h e  s t r u c t u r a l  
r e sponse  and second component which depends on ly  on s t r u c t u r a l  motion.  
According t o  t h e  r e s u l t s  i n  Chapter  3 ,  t h e  maximum wave f o r c e  
i n t e n s i t y  a c t i n g  on a s t a t i c  c y l i nd e r  i s  t h e  p roduc t  of t h e  i n e r t i a  
c o e f f i c i e n t  C t h e  mass of  wate r  d i s p l a c e d  p e r  u n i t  l e ng t h  of  c y l i n d e r ;1; 

and t h e  maximum hori .zon t a l  p a r t i c l e  a c c e l e r a t i o n .  However, t h i s  f o r c e  
i n t e n s i t y  l a g s  t h e  h o r i z o n t a l  f l u i d  p a r t i c l e  a c c e l e r a t i o n  by a phase 
ang l e ,  v .  Both v and C may be viewed a s  f unc t i on s  of t h e  r e l a t i v e  I 

2dep th  parameter ,  d / g ~, and t h e  r a t i o  of c y l i n d e r  d iameter  t o  wate r  
dep th ,  ~ / d .  These r e l a t i o n s h i p s  a r e  shown i n  F ig s .  3 .2  and 3 . 4  
r e s p e c t i v e l y .  For many p r a c t i c a l  c a s e s  of i n t e r e s t ,  t h e s e  r e l a t i o n s h i p s  
can be  g iven  by approximate  exp re s s ions .  These exp re s s ions  a r e  a l s o  
g iven  i n \  Chap t e r  3 .  
The f o r c e s  a s s o c i a t e d  w i t h  dynamic s t r u c t u r a l  response a r e  
d i s cu s s ed  i n  Chapter 4.  These f o r c e s  may a l s o  be  considered a s  having 
two components; namely (1) t h e  " r a d i a t i o n  damping" f o r c e ,  and (2) t h e  
"added mass" f o r c e .  
The t o t a l  r a d i a t i o n  damping f o r c e  may be  w r i t t e n  a s  - M oC'Cf'(d6)d r r  
where M i s  t h e  mass of wa te r  d i s p l a c ed  by t h e  c y l i nde r ,  o is  t h e  f requency d 
of  t h e  c y l i n d e r  motion and (d&) i s  t h e  l i n e a r  v e l o c i t y  of t h e  c y l i n d e r  a t  
the f r e e  water s u r f a c e ,  The c o e f f i c i e n t  C B  is a f unc t i on  of t h e  r a t i o  of 
r 
c y l i n d e r  d iameter  t o  wave l e ng t h ,  D/X,  o r  i n  a l t e r n a t e  form t h e  r a t i o  
2D / ~ T. The c o e f f i c i e n t  6" i s  a f unc t i on  of t h e  r e l a t i v e  dep th  parameter ,  
r 
2d/gT , a n d  node shape o r  d i sp lacement  p a t t e r n  of t h e  c y l i nde r .  The 
s p a t i a l  d i s t r i b u t i o n  of t h e  f o r c e  i n t e n s i t i e s  which when i n t e g r a t e d  
produce t h e  t o t a l  r a d i a t i o n  danping f o r c e  i s  p r opo r t i on a l  t o  t h e  
cosh [kz]/cosh [kd] . The wave number i s  k. The v a l u e s  of  C '  and C" a r e  
r r 
p r e s e n t e d  i n  t h e  f i g u r e s  i n  Chapter  4 .  
The t o t a l ,  added mass f o r c e  may be w r i t t e n  a s  - M C (dti) where d m 
t h e  q u a n t i t y  (dE) r e p r e s en t s  t h e  l i n e a r  a c c e l e r a t i o n  of t h e  c y l i n d e r  a t  
t h e  f r e e  s u r f a c e ,  The added mass c o e f f i c i e n t  depends upon t h e  r a t i o  of 
t h e  c y l i n d e r  diameter  t o  dep th ,  ~ / d ,and t h e  r e l a t i v e  dep th  parameter ,  
2.d/gT . The s p a t i a l  d i s t r i b u t i o n  of t h e  f o r c e  i n t e n s i t i e s  which produce 
the added mass force vary coos ide rzb ly  and cannot h e  expressed In simple 
form, Computed r e s u l t s  f o r  t h e s e  f o r c e  i n t e n s i t i e s  as w e l l  a s  f o r  t h e  
added m a s s  c o e f f i c i e n t  are given i n  t h e  f i g u r e s  which accompany Chapter  4 .  
Chapter  5 u se s  t h e  t h e o r e t i c a l  f l u i d - s t r u c t u r e  i n t e r a c t i o n  
r e s u l t s  t o  develop approximate va lues  of  r a d i a t i o n  damping r a t i o s  f o r  use  
i n  o f f s h o r e  s t r u c t u r e s  s ub j e c t e d  t o  ea r thquakes .  A s  shown i n  Chapter  5 ,  
t h e r e  a r e  two r a d i a t i o n  terms of i n t e r e s t .  One of them is  t o  be 
mu l t i p l i e d  by t h e  modal v e l o c i t y  i n  t h e  u su a l  way i n  t h e  equa t i on  of  
motion.  The second, however, i s  t o  be  mu l t i p l i e d  by t h e  ground v e l o c i t y  
and c o n s t i t u t e s  an a d d i t i o n a l  f o r c e  term i n  t h e  equa t i on  of motion. 
Use fu l  approximat ions f o r  t h e s e  two terms a r e  given i n  Chapter  5. 
F i g .  1,1 Ske t ch  of a S i n g l e  Degree-of-Freedom System f o r  F r e e  




F i g .  1 . 2  Coord ina te  Systems 


R a t i o  o f  	Cylinder Diameter To Wave Length, D/X 
Fig .  3.3 	 Relat ionship Between Phase Lag, v, of t h e  I n e r t i a  Force with 
Respect t o  the Water P a r t i c l e  Accelerat ion and the  Ratio of 
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Added Mass Intensity Coeff ic ient , cm 
F i g .  4 .10 	 R e l a t i o n s h i p  Between t h e  Added Mass I n t e n s i t y  C o e f f i c i e n t ,  
c and Dimensionless  Depth ,  z / d ,  f o r  a R e l a t i v e  Depth 
m'Pa ramete r ,  d / g ~ 2 , of 0 .001  and Var ious  Values  of  t h e  R a t i o  
of C y l i n d e r  Diameter  t o  Water Depth,  D/d. 
F i g ,  4 . 1 1  	 R e l a t i o n s h i p  Between t h e  Added Mass I n t e n s i t y  
C o e f f i c i e n t ,  c , and Dimens ion less  Depth ,  z / d ,  f o r  
a R e l a t i v e  ~ e ~ ? h  d / g ~ 2 ,ofP a r a m e t e r ,  I n f i n i t y  and 
Var ious  Values  of t h e  R a t i o  of C y l i n d e r  Diameter  
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Added Moss Intensity Coef f ic ient ,  c m  
F i g .  4,121 	 Rela t i onsh ip  Between Added Mass Intensity C o e f f i c i e n t ,  
c and Dimensionless Depth,  z / d ,  f o r  a Cyl inder
m 3 
Dlameter t o  Water Depth R a t i o ,  ~ / d ,  of 0 .10  and 

Various Values of t h e  R e l a t i v e  Depth Parameter ,  d / g ~, 






Added Mass Intensi ty  Coef f ic ient  , cm 
F i g .  4 . 1 8  	 R e l a t i o n s h i p  Between t h e  Added Mass I n t e n s i t y  C o e f f i c i e n t ,  
c , and Dimensionless  Depth ,  z /d ,  f o r  a R e l a t i v e  Depth 
~ z r a r n e t e r ,d / g ~ 2 ,of I n f i n i t y  and Var ious  Va lues  of  t h e  
R a t i o  of C y l i n d e r  Diameter  t o  Water Depth ,  ~ / d ,  
T r a n s l a t i o n a l  Mode Shape. 
i,,
L x * 
( a  1 Single Degree -of  - Freedom System 
( b )  Mul t i  Degree - of  - Freedom System 
F i g .  5 . 1  D e f i n i t i o n  Ske tch  f o r  S t r u c t u r e s  Sub j ec t ed  t o  
Ho r i z on t a l  Ground Motion,  
Frequency, cps. 
Fig. 5.2 I d e a l i z e d  S t r u c t u r a l  Response Spectrum 
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